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Workshop on the ISTC (International Science and Technology Center) projects,
the monitor and,or collaborator of which is Nuclear Data Center, JAERI, was held
to discuss the status and the results of the projects. The ISTC was established as
an intergovemmental organization which finances and monitors science and technology
projects to ensure that CIS scientists, especially those with expertise in developing
weapons of mass destruction, are offered the opportunity to use their skills in civilian
scientific and technical fields. There are three projects Nuclear Data Center supports.

They are following:

1) Evalustion of Actinide Nuclear Data
2) Measurements of Fission Neutron Spectra of the Minor Actinides
Spontaneous Fission of Curium Isotopes

3) Measurements and Analysis of the Basic Nuclear Data for Minor Actinides
The workshop was held with 11 participants from the CIS and 16 domestic

participants who have interest on the minor actinide nuclear data. This report

includes the papers on the projects presented at the workshop.

Keywords: Minor Actinides, Nuclear Data, ISTC Project
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1. 1 Annual Report of the Project CIS-03-95

“Evaluation of Actinide Nuclear Data”

V.M. Maslov
Radiation Physics and Chemistry Problems Institute, 220109,
Minsk-Sosny, Belarus

Abstract

The evaluation of neutron data for 243Cm, 245Cm and 246Cm is made
in the energy region from 10-5 eV up to 20 MeV. The results of the
evaluation are compiled in the ENDF/B-VI format.

This work is performed under the Project Agreement CIS-03-95 with the
International Science and Technology Center (Moscow). This is the annual

report of the project CIS-03-95. (Editor)
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5 Brief description of the plan

5.1 The scope of work
5.1.1 Objective of the project

The advanced nuclear fuel cycle studies request the nuclear data of transplu-
tonium isotopes. During the Project the neutron data for the **Cm, **Cm,
H6Cm, **1Am, *°™Am, *?Am, **Am and ®¥Np should be evaluated. The
previously evaluated by the members of the Project team neutron data files
of #**Cm, **Cm and ***Pu would be revised. The curium and americium
isotopes data to be evaluated were requested by the General Manager of
Japan Nuclear Data Center Dr. Y. Kikuchi.

The numerical data files would be compiled in computer-readable format
of Evaluated Nuclear Data File, B Library, Version VI.

5.1.2 Expected results

During first year of the Project the neutron data for the **Cm, **Cm and
H6Cm were evaluated. The quantities evaluated are resolved and unresolved
resonance parameters, total, elastic and inelastic scattering, fission, capture,
(n,2n) and (n,3n) reaction cross sections, angular and energy distributions
of secondary neutrons, including partial (n,xn) and (n,xnf) reaction spectra,
fission spectra and number of neutrons per fission. The incident neutron
energy range covered is from 10™° eV up to 20 MeV. The evaluated quan-
tities are compared mainly with JENDL-3 evaluation, since the detailed
documentation on other libraries (ENDF/B-VI, JEF) is unavailable.

The main goal of the neutron data evaluation is to provide a consistent
set of resonance parameters and cross section values describing the available
measured data. When there is no data available, the proven theoretical ap-
proaches alongside with parameter systematics are used. These approaches
are tested in case of major actinides, i.e. *U, ®8U, *Pu

5.1.3 The technical approach

5.1.3.1 Neutron resonance parameters The neutron resonance pa-
rameters are obtained by simultaneous fit of available measured data on
total, fission and capture cross sections within a multilevel Breit-Wigner ap-
proach. Then neutron resonance parameters of first resonances are made
consistent with available data on thermal fission and capture cross sections.

5.1.3.2 Average resonance parameters The preliminary estimates
of average resonance parameters are obtained by averaging the evaluated
resolved resonance ( E. > 0) parameters. They are: reduced peutron width
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< gI'? >, fission width < I'y >, radiative width < I'; > and observed
neutron resonance spacing < Dgys > .

. Due to missing of weak resonances these values overestimate actual re-
duced peutron width < gI'? > and neutron resonance spacing < D, >.
To get a physically justified values for < gI'® > and < D5 > we employ a
theoretical method. With this method we take into account the correlation
of weak resonance missing and resonance missing due to poor experimen-
tal resolution. Both reduced neutron width and neutron resonance spacing
distributions are obtained in a unified approach. The resolution function
parameters as well as < gI'? > and < Des > are obtained by maximum
likelihood method when comparing experimental distributions of reduced
neutron width.and resonance spacing with Porter-Thomas and Wigner dis-
tributions, modified for the resonance missing. Average fission and radiation
widths are virtually insensitive to resonance missing, so we use values ob-
tained by averaging of resolved resonance parameters.

The average resonance parameters are used to fix the statistical model
parameters at the end-point of the resolved resonance energy region. So,
in the whole energy region the resonance parameters, average resonance
parameters and statistical model parameters are consistent with each other.

5.1.3.3 Deformed optical potential The deformed optical potential
is obtained for neutron-nucleus interaction description. The starting values
for the potential parameters were those for n+*®U interaction by Haouat
et al.(1982). The isotopic dependences of real and imaginary parts of the
potential were calculated using the optical potential parameter systematics.
Five levels (or more) of the ground state band are coupled. The deformation
parameters J» and §; are obtained by fitting s—wave strength function Sy
value. We modified the original potential geometry parameters to fit total
cross section and differential scattering data for N-odd and N-even targets
above 10 MeV. This procedure of parameter fitting is well tested in case of
and 22U, 2Py, ®°U, 32Th and *¥U targets.

5.1.3.4 Fission cross section For Cm nuclei the measured neutron
data in fast energy region, i.e. above unresolved resonance energy region,
are available only for fission cross section. So, the available fission data fit
have been used as a constraint for (n,n) and (n,<y) reaction cross sections
calculation. Neutron-induced fission cross section is described within the
statistical theory approach. Up to the second chance fission threshold the
fission cross section description is accomplished through the modelling of
level densities of fissioning and residual nuclei. We reproduce also the av-
erage resonance fission width value. Fission widths are calculated within
a double-humped fission barrier. Energy and angular momentum depen-
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dence of fission width is defined by the transition state spectra at inner and
outer barrier humps. We constructed both spectra by supposing the triax-
iality of inner saddle and mass asymmetry at outer saddle. The calculated
widths < I‘}{W‘H/ *> and < I‘f‘l/ ? > are normalized to the adopted average
fission width < I'y >. The different behavior of level densities of even-
even and even-odd nuclei at low excitation energies is taken into account.
In case of both N-odd fissile target nuclei (**Cm and **Cm) and N-even
non-fissile target nucleus (***Cm) the discrete character of few-quasiparticle
excitations was approximated within a generalized pairing model. In case of
N-odd fissile nuclei (**Cm and ***Cm) the collective levels of the fissioning
nuclei (***Cm, **%Cm) lying within a pairing gap were modelled. To fix fis-
sion channel parameters the systematic trends are used. Above the second
chance fission threshold the behavior of the first chance fission cross section
is defined using the statistical model parameter systematics.

5.1.3.5 Inelastic scattering cross section The discrete level excita-
tion (compound and direct), continuum excitation and pre-equilibrium emis-
sion contribute to the inelastic scattering cross section. Above 5 MeV inci-
dent neutron energy pre-equilibrium emission and direct inelastic scattering
are the two reaction mechanisms which define inelastic scattering cross sec-
tion. The pre-equilibrium model parameters were tested by the statistical
model description of ®3U-n interaction secondary neutron spectra and con-
sistent description of fission and (n,xn) reaction data for major actinides.
The direct inelastic scattering defines the shape of ground state band
levels excitation cross sections above 1 MeV incident neutron energy. This
mechanism defines partly the hard-energy tail in total inelastic scattering

cross section.

5.1.3.6 Cross sections of (n,2n) and (n,3n) reactions The magni-
tude of (n,2n) cross section below the (n,2nf) reaction threshold is defined
by (n,nf) and (n,2n) reaction competition. To calculate the (n,2n) reaction
cross section we use an approach, developed for description of the 233U (n,2n)
reaction cross section. There is a hard-energy tail in (n,2n) reaction cross
sections predicted. To calculate the (n,2n) reaction cross section of N-odd
target nuclei in a threshold region we use an approach, developed for de-
scription of the ®Pu(n,2n) reaction cross section. Above the pairing gap
for the even-even residual nuclei the two-quasiparticle states level density is

used.

5.1.3.7 Radiative capture cross section Energy and angular momen-
tum dependence of radiative capture width are calculated within a two-
cascade ~-emission model with allowance for the (n,7f) and (n,vym’) reaction
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competition to the (n,yy) reaction. The (n,7) reaction is supposed to be a
radiative capture reaction. The radiative capture width is normalized to the
radiative capture width < I, >. For fissile nuclei the competition of (n,¥f)
reaction is especially important.

5.1.3.8 Secondary neutron spectra There is no measured data on
secondary neutron spectra. To calculate partial neutron energy distributions
of (n,xnv) and (n,xnf), x=1, 2, 3 reactions we use a simple Weisscopf-Ewing
evaporation model taking into account fission and gamma competition to
neutron emission. The pre-equilibrium emission of first neutron is included.

6 Technical progress

6.1 New findings and achievements

We have evaluated peutron data for **Cm, ***Cm and **Cm. The data
are compiled in ENDF/B-VI format and are available in computer-readable
form.

Comprehensive analysis of available measured data within our approach
have lead to the following main conclusions. For detailed explanations see
references, given at the end of this Report.

6.1.1 **Cm

The resolved resonance region is extended up to 100 eV, the total and fission
data are fitted simultaneously. The < I'? > value is ~1.5 lower, than that of
JENDL-3 evaluation, since in present evaluation the cluster of 6 resonances
is resolved around 66 eV (see Fig.1).

The difference in thermal scattering cross section ¢, is due to scatter-
ing radius value of 9.4757 fm, which is taken from the coupled channel
calculations ( 10 fm was assumed in JENDL-3). Up to 63 eV incident neu-
tron energy the total and fission cross sections, calculated with current and
JENDL-3 parameters are rather compatible. The differences around 66 eV
are due to resolving of multiplet around 66 eV using fission data by Silbert
(1976). This 66.03 eV resonance cluster, if not resolved, would appreciably
change the average values of < I'% > and < T'j >.

To parameterize the fission data in energy region of 63-100 eV 53 reso-
nances are involved. The values of < I'® > = 0.17 meV and < Dy, > =
0.71 eV are compatible with appropriate values for the energy region of 0-70
eV, derived with missing of levels taken into account (see below).

The bomb-shot fission data of Silbert (1976) available in the unresolved
resonance region were fitted at chosen energy intervals by varying the neu-
tron strength function Sy value. The possibility of varylng < I‘?"" > or(and)
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< T ?4' > was rejected, since inherently the fission width should fluctuate
less vigorously, than neutron width because of greater degrees of freedom
number. That decision was justified by the experience obtained in case of
%5V and **?Pu peutron data evaluation. For these nuclei there are measured
data on total and fission cross sections. Varying s—wave strength function
So values to fit total cross section data in chosen intervals we can reproduce
simultaneously most of the fission cross section fluctuations.

The discrepancies are noticed when comparing the evaluated (n,<) re-
action cross sections. Current evaluated cross section is almost 1.5 times as
large as JENDL-3 evaluated capture cross section. This discrepancy is due to
strong (¢, J)— channel dependence of fission width in our approach. This de-
pendence is due to adopted transition states spectra structures. Specifically
the ratio of calculated widths < I'Y* >/< I'}* > ~ 2.5 is almost indepen-
dent on incident neutron energy. That will lead to the increased capture
cross section for the (I = 0,J = 3) channel as compared with JENDL-3
approach. In JENDL-3 approach the fission width value is channel, i.e. spin
and parity independent, while its value of < T’y > =1.481 eV is anomalously
high. With this high value of fission width Silbert (1976) data can not be
reproduced in our approach.

The levels, which were added for the K™ =1/2% band of **Cm are:
J = 5/2,7/2, 11/2,13/2 (J = 1/2, 3/2 and 9/2 levels are present). The
resulted strong inelastic scattering due to the K™ =1/2% band levels (see
Fig.2) produces a strong 'dip’ in calculated fission cross section around 0.4
MeV.

The fission cross section is calculated with the statistical model, the
fission widths for s—wave neutrons I’?"' and I'?'*' are fitted at 0.1 keV by
varying transition spectra band-heads to get average fission width of 0.355
eV. The fission cross section above 1 MeV incident neutron energy was
adopted to be consistent with data of Fomushkin et al. (1987,1990). The
slope of the cross section with energy in the first plateau region is consistent
with the systematic trends. It is less steep than that of Fursov et al. (1994)
data for **Cm(n,f) and **'Cm(n,f). The comparison of calculated cross
section with JENDL-3 evaluation and measured data of Fomushkin et al. is
shown in Fig. 3.

The role of (n,yf) reaction competition in radiative capture cross section
calculation, due to high fissility of **Cm compound nuclide is emphasized.

The number of prompt fission neutrons v, is calculated with Madland-
Nix model, pre-equilibrium emission of first neutron being incdluded. Our
prediction is rather different from Howerton (1977) systematics.
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6.1.2 *Cm

The purpose of present resonance parameter evaluation is to extend the
resolved resonance region up to 100 eV. We have got 91 resonance parameters
up to 100 eV, including three negative resonance parameters at E. = —5.0
eV, E, = —2.0 eV, E. = —0.1 eV. The assigning of resonance spins was
done as follows. Two assumptions were adopted: the number of resonances
with spin J is proportional to (2J + 1), reduced neutron width distribution
should obey that of Porter-Thomas, neutron resonance spacing distribution
should obey that of Wigner. Obtained neutron resonance spacings obey
Wigner distribution. In case of reduced peutron widths the number of small
T2 values is too low, which is due to missing of resonances.

Evaluated fission cross sections of this work is ~20% higher than that of
JENDL-3 at lower edge of unresolved resonance region. Larger discrepan-
cies are noticed when comparing the (n,v) reaction cross sections. Current
evaluated cross section is more than 1.5 times as large as JENDL-3 evalu-
ated capture cross section. This discrepancy is due to much lower values
of < D >, < Ty > and partly to (/,J)— channel dependence of fission
width in our approach. This dependence is due to adopted transition states
spectra structures. Specifically the ratio of < I'f* >/< I'}" > ~ 1.3 is al-
most independent on incident neutron energy, that will lead to the increased
capture reaction cross section for the (/ == 0,J = 4) channel as compared
with JENDL-3 approach. In an approach, adopted in JENDL-3 the fission
width value is independent on spin and parity. Furthermore, the adopted in
JENDL-3 average fission width value of ~1.8 eV is anomalously high. With
this value of fission width measured fission data can not be reproduced in
our approach.

We consider the fission data base to be fairly consistent in the first
plateau region, i.e. above ~1.5 MeV. At lower energies we will follow the
trend of data by Fomushkin et al. (1990). The fission cross section is calcu-
lated within the statistical model. The fission widths for s—wave neutrons
I'f’,-"' and T f* are fitted at 0.1 keV by varying the positions of tranmsition
spectra band-heads to reproduce the average fission width < I'y >= 0.345
eV. To calculate fission cross section below 0.3 MeV we fit the fission cross
section value at 54 keV, evaluated with the average resonance parameters.
The fission cross section above 0.3 MeV incident neutron energy is consis-
tent with data of Fomushkin et al.(1990). The slope of the calculated fission
cross section with energy in the first plateau region is consistent with the
measured data base.

The comparison of calculated fission cross section with JENDL-3 evalu-
ation and measured data is shown in Fig. 4. The statistical theory calcu-
lation of fission cross section was accomplished within the double-humped
barrier model. The procedure of calculating fission transmission coefficients

—_— 10_
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is briefly described below.

The collective levels of ***Cm fissioning nuclide, lying within pairing gap
define the **Cm(n,f) fission cross section below incident neutron energy of
~Q0.5 MeV. These levels comprise the discrete transition spectra at both sad-
dles. The discrete tranpsition spectra contribution to the fission transmission
coefficient is dependent upon the order of symmetry for **Cm fissioning
nucleus at inner and outer saddles. Due to the axial asymmetry at the in-
ner saddle the respective 2*-band-heads are lowered as compared with the
respective positions of 2+ -band-heads at ground state deformation. The
positions of negative parity bands K™ = 07,17, 27 at outer saddle are low-
ered due to mass asymmetry. With transition state spectra thus defined
the fission barrier parameters are obtained. The calculated fission widths at
incident neutron energy of 0.1 keV are I'}* = 0.291 eV and I'fr = 0.391 eV
reproduce the average fission width < I'y > = 0.345 eV.

At excitation energies above the pairing gap, which is assumed to be 1.0
MeV, level density of axially symmetric fissioning nucleus is calculated in
constant temperature approximation, i.e. p(U) = fl exp((U — U,)/T¥).
The respective parameters, nuclear temperature 7y and excitation energy
shift U, are defined at the matching energy U, =3.6 MeV. At excitation en-
ergies above U, the continuum part of the transition state spectrum is repre-
sented with the phenomenological model, which takes into account pairing,
shell and collective effects at saddle deformations. After that the effects of
non-axiality and mass asymmetry are included.

The generalized pairing model provides the means of taking into account
the discrete character of few quasi-particle excitations just above the pairing
gap. It was shown to be important in case of even-even fissioning nucleus
26U in the *5U(n,f) reaction. We modelled the nuclear level density p(U)
above the pairing gap up to the four-quasi-particle excitation threshold as
p(U) = p(U)/(1 + exp(Us = U + 6,)/6:). The two-quasi-particle states level
density of even-even fissioning nucleus **¥Cm defines the fission cross section
shape at incident neutron energies ~ 0.5+-2MeV (see Fig. 4), the parameters
U = 1.7 MeV, §; = 6, = 0.2 MeV values were extracted. Above ~2 MeV
incident neutron energy fission cross section data were fitted (see Fig. 4) by
slight increase of pairing correlation function.

Radiative strength function value obtained in current analysis is rather
low, as compared with BNL-325 recommendations. The (!, J)—channel de-
pendence of fission width influences strongly the capture cross section in
unresolved resonance region. The radiative capture cross section is calcu-
lated within a statistical approach up to 5 MeV. Radiative capture strength
function S, = 541.55. At higher incident neutron epergies we assume ra-
diative capture cross section to be 0.1 mbarn. The radiative capture width
was calculated with (n,¥f) and (n,vn’) reactions competition against ”true”
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capture reaction (n,yy). The role of (n,7f) and (n,7m’) reactions is illus-
trated on Fig. 5 by sharp decrease of capture cross section above 0.5 MeV
incident neutron energy, as compared with JENDL-3 evaluation.

The present evaluation of 1,(E) is based on calculation within Madland-
Nix model, fitted to the data of Khokhlov et al.(1994) in the energy range
0.5+4 MeV. The calculated dv,/dE = 0.133 is considerably higher than
that predicted by Howe et al.(1983). Calculated v,(E) is roughly consistent
with data by Khokhlov et al. (1994) above 4 MeV. The Madland-Nix model
calculations predict non-linear increase of v,(E) above emissive threshold.
The influence of pre-equilibrium pre-fission neutrons manifests in additional
appreciable decrease of dv,/dE above 12 MeV (see Fig. 6).

6.1.3 %6Cm

With current resonance parameter evaluation we extended the resolved res-
onance region up to 400 eV and to reconciled the available fission data by
Maguire et al. (1985), revised by Danon et al.(1991) with resonance param-
eters by Moore et al. (1971). We have got 17 neutron resonance parameters
up to 400 eV.

The fission data of Moore et al. (1971) and data of Maguire et al. (1985),
revised by Danon et al. (1991) covering the unresolved resonance energy re-
gion, their shapes are rather different (see Fig.7). The shape of data by
Maguire et al. (1985), revised by Danon et al. (1991) is reproduced with
average resonance parameters. Fission cross section calculations with the
average resonance parameters are compatible with measured data within
errors, except 0.4-1.0 keV and 2.6 -5.0 keV energy intervals. We fitted the
measured data in these intervals adjusting (I’ }/2+) fission width. The calcu-
lated fission cross section is compared with measured data on Fig. 7.

We fitted the fission data by Maguire et al. (1985), revised by Danon
et al. (1991) below 80 keV. At higher neutron energies we follow the trend
of data by Fomushkin et al. (1980). The most peculiar feature of data by
Fomushkin et al. (1980) is the broad quasi-resonance structure above the
fission threshold and steep decreasing trend of data above ~3 MeV incident
neutron energies. Both features are reproduced within the statistical model
calculations. To describe the broad quasi-resonance structure above 1 MeV,
we assume it to be due to interplay of level densities of even-odd ***Cm
fissioning nuclide and even-even *6Cm residual nuclide. We modelled the
few-quasiparticle excitations in fissioning and residual nuclei.

The comparison of calculated fission cross section with measured data is
shown in Fig. 8. The statistical theory calculation of fission cross section
was accomplished within the double-humped fission barrier model

The low-lying levels of >**Cm were treated within a model of deformable
non-axial rotator, ~10 positive and negative parity levels were added up to

_127
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~1.5 MeV.

The radiative capture cross section is calculated within a statistical ap-
proach up to 5 MeV. Radiative capture strength function equals S,o =
19.828. At higher incident peutron energies we assume radiative capture
cross section to be 1 mbarn. The radiative capture width was calculated
with (n,7f) and (n,vn’) reactions competition against "true”’ capture reac-
tion (n,77y). Due to high fission threshold for ***Cm compound nuclide the
competition of (n,yn’) reaction is stronger than that of (n,yf) reaction. The
influence of (n,yn’) and (n,vf) reaction competition on radiative capture
cross section is illustrated on Fig. 9 by sharp decrease of capture cross sec-
tion above 1 MeV incident neutron energy, as compared with (n,vx) reaction
cross section. The capture cross section of JENDL-3 is systematically lower
than present evaluation due to lower value of S, = 9.779.

The inclusion of pre-equilibrium emission changes significantly the av-
erage energies of secondary neutron spectra. The most significant is the
change of neutron spectra of (n,n7v) reaction (see Fig. 10).

The comparison of calculated v,(F) with JENDL-3 evaluation shows
that the calculated slope of dv,/dE = 0.135 is considerably lower than that
of Howerton systematics'” prediction, adopted in JENDL-~3. However, it is
consistent with dv, /dE for neighboring nuclei. The Madland-Nix model cal-
culations predict non-linear shape of 1,(E) above emissive fission threshold.
The influence of pre-equilibrium pre-fission neutrons manifests in additional
appreciable decrease of dv,/dE above 12 MeV.

7 Current technical status

We are moving in strict agreement with technical schedule, no changes are
foreseen in initial technical schedule. Within the second year of the Project
the peutron data for the 2 Am, **™Am, **?Am, ?*Am will be evaluated.

8 Cooperation with foreign collaborators

Dr. Y. Kikuchi, General Manager of Nuclear Data Center, JAERI, visited
the Project site on 21-25, May, 1995. The evaluation of **Cm nuclear data
was discussed.

Dr. Y. Kikuchi, General Manager of Nuclear Data Center, JAERI, vis-
ited the Project site on 2-5, October, 1995. The evaluated data for **Cm
were discussed. The comments by Y. Kikuchi, T. Nakagawa, K. Shibata and
Y. Nakajima on the report ”Evaluation of Neutron Data for Curium-243"
are supplemented, as well as our reply to the Comments (see annex 2). The
evaluation of **Cm nuclear data was also discussed.
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Dr. Y. Kikuchi, General Manager of Nuclear Data Center, JAERI and
Dr. K. Shibata, Senior Scientist of NDC(JAERI) visited the Project site on
11-15, February, 1996. The evaluated data files for **Cm, **Cm and *6Cm
were discussed.

Workshop on the Project will be held on 27-31, May 1996 in Japan
Atomic Energy Research Institute, Tokai, Japan.

Working Party on International Evaluation Cooperation of Nuclear En-
ergy Agency Nuclear Science Committee (NEANSC WPEC), NEA Head-
quarters, Paris, France 17-18 of May 1995 Been nominated by the Inter-
national Atomic Energy Agency as observer, Project Manager V.Maslov
participated in the Meetings listed above. Results achieved. During the
meeting V. Maslov was included to the Subgroup 8 of WPEC ” Minor Ac-
tinide Data”. Within this subgroup activity we can be provided testing in
integral data benchmarks of our evaluated data files for minor actinides.
The pext meeting of the WPEC will be held at Argonne National Labora-
tory,USA on 10-13 June, 1996. V. Maslov has got an invitation to attend
the WPEC and WPMA meeting at ANL (USA), since our recent evaluation
activities are of great interest to the Working Party.

Second Research Co-ordination Meeting of the IAEA Co-ordinated Re-
search Program (CRP) on Development of Reference Input Parameter Li-
brary for Nuclear Model Calculations of Nuclear Data (RIPL) held at the
Agency Headquarters in Vienna (Austria), from 30 October to 3 November
1995. Two members of the Project attended the Meeting: V. Maslov, and
E. Sukhovitskij. V. Maslov presented a talk on fission barriers and level
densities. E. Sukhovitskij presented a talk on deformed optical model. V.
Maslov informed the RIPL participants about the Project results, relevant
for the RIPL. ISTC may get requests on our actinide data files. We will
participate in preparation of the final library of the CRP in case of fission
barriers and level densities and the potential parameters. This activity will
take place in current and next year. V. Maslov was granted an additional
support through the individual Research Contract within the scope of CRP
with JAEA for the 1996 year. The phase II of the RIPL is foreseen for the
1998-2000. It is likely that we will participate in it on a regular basis, i.e.
with a IAEA support.

9 Delay, problems, suggestions

Drs. Y. Kikuchi and K. Shibata, during their last visit, suggested the in-
clusion of covariance and y—production files for Cm and Am data files.
However, if accepted, this may influence the initial Project working sched-

ule.
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10 Perspectives of the future applications and develop-
ment

Present evaluated data files for minor actinides might be considered about
the inclusion to the Actinoid File of JENDL. The theoretical evaluation
methods could be used for updating other actinide nuclear data files.

11 Annex 1

11.1 Figure captions

Fig.1 Fission cross section of ***Cm in the energy region 55-70 eV.

Fig. 2 Inelastic scattering cross section of **Cm.

Fig. 3 Fission cross section of **Cm in the energy region.

Fig. 4 Fission cross section of ***Cm.

Fig. 5 Capture cross section of **Cm.

Fig. 6 Prompt fission neutron multiplicity for 2*Cm.

Fig. 7 Fission cross section of >**Cm in unresolved resonance region.

Fig. 8 Fission cross section of **Cm.

Fig. 9 Radiative capture cross section of **Cm.

Fig. 10. Comparison of (n,n’y) reaction neutron spectra of **¢Cm for inci-

dent neutron energy 14 MeV.
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12 Annex 2

Papers and reports, published in the reporting year

1. Maslov V.M., Porodzinskij Yuw.V., Sukhovitskij E.Sh., Klepatskij
A.B., Morogovskij G.B. "Evaluation of Neutron Data for Curium-243”,
INDC(BLR)-2, 1995.
2. Maslov V.M., Porodzinskij YuV., Sukhovitskij E.Sh., Klepatskij

P

A.B., Morogovskij G.B. ”Evaluation of Neutron Data for Curium-245",

INDC(BLR)-3, 1996.
3. Maslov V.M., Porodzinskij Yu.V., Sukhovitskij E.Sh., Klepatskij
A.B., Morogovskij G.B. "Evaluation of Neutron Data for Curium-246”,

INDC(BLR)-4, 1996.
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EVALUATION OF NEUTRON DATA FOR.
CURIUM-243

Maslov V.M., Sukhovitskij E.Sh., Porodzinskij Yu.V.,
Klepatskij A.B., Morogovskij G.B.
Radiation Physics & Chemistry Problems Institute,
220109, Minsk-Sosny, Belarus

February 8, 1996

Abstract

The evaluation of neutron data for >***Cm is made in the energy region from
1075 eV up to 20 MeV. The results of the evaluation are compiled in the ENDF/B-
VI format.

This work is performed under the Project agreement CIS-03-95 with the Inter-
national Science and Technology Center (Moscow). The Financing Party for the
Project is Japan. The evaluation was requested by Y. Kikuchi (JAERI).
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EVALUATION OF NEUTRON DATA FOR
CURIUM-246

Maslov V.M., Sukhovitskij E.Sh., Porodzinskij Yu.V.,
Klepatskij A.B., Morogovskij G.B.
Radiation Physics & Chemistry Problems Institute,
220109, Minsk-Sosny, Belarus

February 8, 1996

Abstract

The evaluation of neutron data for *Cm is made in the energy region from
10~ eV up to 20 MeV. The results of the evaluation are compiled in the ENDF/B-
VI format .

This work is performed under the Project Agreement CIS-03-95 with the Inter-
national Science and Technology Center (Moscow). The Financing Party for the
Project is Japan. The evaluation was requested by Y. Kikuchi (JAERI).
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EVALUATION OF NEUTRON DATA FOR
CURIUM-245

Maslov V.M., Sukhovitskij E.Sh., Porodzinskij Yu.V.,
Klepatskij A.B., Morogovskij G.B.
Radiation Physics & Chemistry Problems Institute,
220109, Minsk-Sosny, Belarus

November 23, 1995

Abstract

The evaluation of neutron data for **Cm is made in the energy region from
10~5 eV up to 20 MeV. The results of the evaluation are compiled in the ENDF /B-
VI format .

This work is performed under the Project Agreement CIS-03-95 with the Inter-
national Science and Technology Center (Moscow). The Financing Party for the
Project is Japan. The evaluation was requested by Y. Kikuchi (JAERI).
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1.2 Evaluation of Secondary and Prompt Fission
Neutron Spectra,

Yu.V. Porodzinskij & E.Sh. Sukhovitskij
Radiation Physics & Chemistry Problems Institute
220109, Minsk-Sosny, Belarus

Abstract

A simple model allowing to split neutron emission spectra into reaction partials
is suggested. Predicted spectra of (n,n’y), (n,n’f), etc appear to be much harder
than usually evaluated.

Mechanism of neutron emission from excited nuclei being a matter of
study by many authors is now well understood [1]. One does not find prob-
lems describing experimentally measured emitted neutrons energy distribu-
tions. Figures 1 and 2 show possible theoretical interpretation of experi-
mental neutron emission spectra for neutrons with incident energies 6.1 and
14.05 MeV [2].

Theoretical spectra are the sum of neutron components in the decay
chain (A+1) — A — A—1 — ... if possible. At each decay stage neu-
tron emission competes with y—emission and fission, that gives additional
fission neutrons. First neutrons N!(E) are assumed to be emitted from
pre-equilibrium and equilibrium nucleus. Second and third neutrons are
considered to be emitted from equilibrated nuclei, added discrete lines of
direct scattering (coupled channels calculations with coupling levels from
four lower bands including k£ = 2* and k = 0~ ) are broadened with the
supposed experimental resolution.

Problems arise with the evaluation of the partial neutron emission spec-
tra, according with the format requests. For high incident energy neutrons
the spectrum of first emitted neutron must be divided among (n, 7'v), (n, 7' f),
and first neutron spectra of (n,2n), (n, 3n), (n,2n'f) ... reactions.

That means the correlation between the energy of the emitted neutrons
and the later history of the nuclear decay must be controlled during such
calculations.

This can be done easily if we do not take into account the angular mo-
mentum conservation. Here we suggest a very simplified method that was
used in such calculations for the ISTC Project.



NEUTRON SPECTRUM, BARN/MeV

JAERI—Conf 97—001

%%y E =6.1 MeV
EMMITED NEUTRONS SPECTRUM

10 —— "

| —— EMISSION SPECTRUM
0.01 I — — FISSION SPECTRUM \

- — N \
o BABA ET AL.[2) |

0.001 b b
0 3 6 9

NEUTRON ENERGY, MeV

Figure 1.



NEUTRON SPECTRUM, BARN/MeV

10

0.1} :

0.01

JAERI—Conf 97—001

2%y E =14.05 MeV

EMMITED NEUTRONS SPECTRUM

- —— FISSION SPECTRUM
“ — - N'E)

—— N*(E)

— - NE)
~ % o BABA ET AL.[2]

| NSRRI NS SN AL S S (L A S IR (LR S M B

—— EMISSION SPECTRUM ]

LA B A B S B

ul\.l-..\.l‘,.LlL...lA.,\' l.\,x,l-A‘

2 4 6 8 10 12 14 16
NEUTRON ENERGY, MeV

Figure 2:



JAERI—Conf 97—-001

Let us consider N'(E) to be the spectrum of the first emitted neutrons,
then the spectrum of (n,n'y) process can be determined as:

T4(E.—-E
Nuwt(E) = N*(B) - gy (1)

and the spectrum of the pre-fission neutrons of the (n,n'f) reaction can be
written as:

r'4(E,~E)
Nyw s (E) = N (E) etz (2)

while spectrum of the first neutrons of (n,2n) reaction:

N, 3.(E) = N'(E)P,

n,2n

(En, E), (3)

where

P!, (E, E) O Jor B2 B B 3
= A -!
n,2n\"n fO n—E-By SA(En - E, E)E}F’_(E_;de, f07' E<E,— B;?

=1
ot (¢

Spectrum of the first neutrons of (n, 3n) reaction can be written as:

Nl

n,3mn

(E) = N(E)P}

nJ3n

(En, E), (4)

where

0, for E> E, — BA - BA;

—~E—-BA £n—BA-! _ A-20
P,},,sn(Em E) = f:::\‘—xs Bx SA(En - E, Sz)dEJz fo" Ba SA 1(52’53)%_?—2—25’:_;d83’

for E < E, — BA — BA-L.

Here E,, E—incident and emitted neutron energies, B/ —neutron sepa-
ration energy from A mass nucleus, I'}(E),I'} (E),I'4,(E)—are radiation,
fission and total widths accordingly, S4(E, E')—probability for A mass nu-
cleus with excitation E to emit a neutron with the energy E — E' — B2
and become A — 1 mass nucleus with excitation £’. In our assumption
second and other neutrons are emitted from equilibrated nuclei, so its en-
ergy dependence follow the spectrum of neutrons emitted from equilibrated
nucleus.
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SHE, E') = f(E)0lmp(E — Bf — E')(E — B} — E')p(E"), (5)

where p(E)~level density of excited nucleus, 07,,,(E)—compound nucleus
formation cross section, f(E)—function providing normalization of S(E, E')—
probability, that appears to be

—BA A
% SME, ENdE = 132 .(6)

Second neutron spectrum of (n,2n) reaction can be written as:

r4-Ye_BA-E)

N2 (BE) = [gr 54 X (€)S*(e,6 — B — E) v pag 9 (7)

while second pre-fission neutron spectrum of (n,2n' f) reaction

rA-1(¢e—BA-E)

N%sz(E) = f}f;B;« x'(e)S%(e,e — Bf — E);ﬁ'—T(;_—B?_—E—)dE: (8)

7
tot

here x'(¢) = N1(E, —e)—spectrum of residual excitations in A mass nucleus
after emitting the first neutron. All the other spectra may be presented in
the analogous way.

It is quite understandable that the results of such calculations must be
sensitive to the N (F) spectrum form ( ratio of pre-equilibrium and equilib-
rium components) and values of widths I'4 (¢), while any reasonable choice
for the other parameters does not change the results notably. And results of
our calculations corroborate this conclusion. That’s why N!(E) and I'#(E)
incorporated in our model are taken from the calculations based on the most
realistic physical assumptions about excited level densities with the param-
eters tested upon the available experimental data [3]. And what is more, pre-
dicted by both models cross sections (n, '), (n, 2n), (n, 7' f), (n, 3n), (n, 2n'f),
etc. are controlled to coincide that guarantee the reliability of the predicted
spectra.

Figures 3 and 4 demonstrate spectra of the first N!(E) and second N?*(F)
emitted neutrons for ®8U and partial spectra of the first and second neutrons
accordingly. One can see that predicted (n, nvy) spectrum is very hard.
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Table gives comparison of the predicted average partial spectra energies
with the same values from ENDF/B-VI and JENDL-3 Libraries for 233U,
The differences are considerable.

Table. Comparison of the partial secondary neutron spectra average
energies for 228U

E,., 1% neutron average energy, MeV

MeV n,n’ n,2n n,n’f n,3n n,2n’f

pres. | B-VI | J-3 | pres. | J-3 | pres. | B-VI | pres. | J -3 | pres.

3.0 | 0.60 | 0.29 | 0.59

80 | 328 | 285 | 0.90 | 0.24 | 0.96 | 1.06 | 1.23

140 | 973 | 924 | 1.25 | 3.57 | 1.38 | 228 | 1.98 | 1.07 | 1.31 | 1.08

20.0 | 157 | 152 | 1.51 | 10.3 | 1.66 | 3.71 | 2.64 | 2.65 | 1.66 | 2.5

E, , | 2™ neutron average energy, MeV | 3%neutron, MeV
MeV n,2n n,3n n2n’f
pres. | J - 3 | pres. | J - 3 | pres. | pres. J-3
80 | 0.34 | 0.66
140 | 1.00 | 0.94 | 0.79 | 0.95 | 0.77 | 0.29 0.67
200 | 081 | 1.31 | 1.21 | 1.31 | 1.21 | 0.79 0.84

Reliable prediction of fission spectra and v(F) requests the knowledge of
pre-fission neutron spectra. In our calculations they are also much harder
than these used in Madland-Nix calculations. Figure 5 shows evaluated
fission spectra of **Cm, a bump at neutron emission energy about 13.5
MeV, can be understood as a result of pre-fission neutron spectra energy
dependence. By now such bumps are measured for 2°U[4] and®’N p[5] and
can be easily explained involving our pre-fission spectra.
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Average Resonance Parameters Evaluation for
Actinides

Yu.V. Porodzinskij & E.Sh. Sukhovitskij
Radiation Physics & Chemistry Problems Institute
220109, Minsk-Sosny, Belarus

Abstract

New evaluated < I'° > and < D > values for 38y 2"Np,*BCm,*45Cm ,>6Cm
and *'Am nuclei in the resolved resonance region are presented. The applied
method based on the idea that experimental resonance missing results in corre-
lated changes of reduced neutron widths and level spacings distributions is dis-

cussed.

Evaluation of < T2 > and < D > in the resolved resonance region
used for adjusting input data of optical and statistical models and other
applications is the starting point of such calculations making them more
reliable. Simple averaging of existing resonance parameters does not seem
to give reliable results even for thoroughly investigated nuclei, since due
to poor experimental discrimination threshold and energy resolution some
resonances are missed and thus < D > and < I'? > are overestimated.
Existing methods, taking missing into account [1-3], give the results different
within quoted errors [4,5] using the same data bases. The drawback of
these methods appears in separate consideration of the missing due to poor
experimental energy resolution and discrimination threshold , although those
two reasons of missing are correlated (two strong resonances are usually
resolved even been situated close to each other, while weak resonance is
shadowed by strong one and becomes unresolved).

Let us introduce the method that was developed for the determination
of < T¢ > and < D >. It is used in evaluations carried out for the ISTC
Project.

Let us assume that reduced neutron widths and level spacings distribu-
tions are f(z) and ¢(y) with z = gI'%/ < gI® > and y = D/ < D >
accordingly. We suppose reduced neutron widths and level spacings no cor-
relating, hence f(z)p(y) is the distribution for resonances with the reduced

_ 34A
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neutron width z to have neighbouring one at the distance y (this is the dis-
tance from one side of the resonance, for the sake of definition let it be from
the left).

We also need to introduce an experimental probability ¥(z,y, E) to re-
solve the resonance with the reduced width = and the distance y to the
neighbouring one in the vicinity of energy £. Now we can get the fi(z)
distribution of the reduced neutron widths that were not missed during the

experiment,
Aile) = FEL [F2dE [ o(y) Uz, y, E)dy,

where E, E, are the lower and the upper boundaries of experimentally cov-
ered energy region. A - the portion of resonances resolved in the experiment
can be found easily as A = [;° fi(z)dz. Of course 1— A is the portion of the
experimentally missed resonances. In analogous way we determine ¢, (y):

¢1(y) - dEfO ( ) (:c,y,E)d:z:.

EL,—-E,

One can see that [;° ¢, (y)dy = A, hence fi(z) and ¢, (y) are normalized in
the uniform correlated manner.

Let us now consider that missing of resonances results in resolving groups
instead of isolated resonances. In our case we are taking into account group-
ing in doublets only hence A > 0.5. If energy resolution of the experiment
is less than < D > unresolved groups with three and more resonances have
much lower probability. Missed level spacings distribution appears to be
©(y) — ¢1(y). These level spacings are the distances between resonances
in the unresolved doublets. In our assumptions these level spacings do not
disappear, as they have common epergy scale with the resolved , but are
added to the neighbouring ones. As the result additional distribution ¢»(y)

is measured in experiment:

w2(y) = 5 Ble(z) — er(2)enfy — 2)d=.

Of course [;°pa(y)dy = 1 — A. And at last we must take into account
that distribution ¢3(y) of the distances to which missed were added must
be subtracted from experimentally measured distribution ¢ (y). It is:
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e3(y) = wl(y)%é

Now we can give the expected distribution of experimentally observed level
spacings:

vars(y) = [1(¥) (2 — 1/A) + 2 (v)]/ A

Neutron reduced widths distribution transforms in the same correlated man-
ner, since the area under the unresolved doublet is the sum of the areas under
single resonances of the doublet. The areas are proportional to the reduced
neutron widths, so:

fax) = 3 Flf(2) = Ail2))fi(z — 2)dz
f3(x) = fl(x)%q' ’
foss(z) = [f1(2)(2 — 1/A) + fa(x)]/A.

Now we have to define f(z), ¢(y) and ¥(z,y, F). For f(z) we use:

—3/2 3/2
Ll_“hj.:z_—{\/‘e‘{p 2g1( 1+a)]+a eXp[~g55(rray

Please note that z = zill:‘—é; , this js quite natural choice, since we usually

get gT'2 from experiment. And for ¢ (y) we use [6]:

o(v) = HHylgSs expl—3v ool erf Ly ts)+

m—’a)*fexp[—%zzx—ﬁm] erf ¢y 135)]+

4a 2 1+
m(1+a)2 & y (]+o:)~r]}’
<D ~ . L. .
where a = 251_,__; , g1 = ;:(%ﬁ-% gz = 5%—‘21-;%}7 Both distributions take into

account possxbfe existence of two systems of resonances with spins J;, J2
and < D, > ,< D,, > accordingly. In case of one system of resonances
they become the well known Porter-Thomas([7] and Wigner[8] distributions.
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Resonance spacings distributions for one and two systems of levels differ con-
siderably (see Fig.1). Resonances of the same spin are pushed apart, hence
probability for resonance spacing for such resonances decreases as the latter
decreases to zero. In the case of two spin level systems the resonances of
different spins are not forced from each other, so you find no zero probability
even for zero spacing value. This may result in much greater experimental
resonance missing for odd nuclei.

The probability to resolve resonances in the experiment ¥(z,y, E) is
modeled by:

— 1+a 1 ’
\IJ(I’ Ys E) o a+exp[——£-—l-=§§<i>] (FR)r+1
where A(E) is experimental energy resolution, zg-threshold of width dis-
crimination, p-determines the slope of the threshold, s-correlation factor be-
tween weak resonance and poor resolution level missing, ¢ -a constant, close
to unity, a-normalization constant. Model function ¥(z,y, E) describes typ-

ical experimental situation. It decreases to zero when z , v, %, ;1; or %

urge towards zero, and becomes unity when z, y,2%, < or %are growing.

T

< D >, < gI'® > and resolution function parameters a;e found by adjusting
theoretically expected reduced neutron widths and level spacings distribu-
tions to experimental ones within framework of the best likelihood method
with the computer code created on the base of the suggested approach.

Figures 2-5 show comparison of experimental and adjusted expected re-
duced neutron widths and level spacings distributions for 28U and **"Np
nuclei. They were chosen as a test. Table gives evaluated values S; and
< D > for these nuclei and comparison with other evaluations. For the
reasons already discussed < D > for ®"Np is overestimated by other evalu-
ators, as they do not take into account shadowing of the resonances of one

spin by the other.

Table. Comparison of the evaluated <Sp> and <D> values with the data
from other libraries

Nuc- | Exp.energy | Portion Evaluated
leous | interval,keV | of missed | Sgx lO*l_eV"lﬁ <D>,eV
Y 0-6.0 0.100 1.033+0.087 | 19.29+0.57
X"Np | 0-0.390 0.331 0.962+0.072 | 0.485+0.028
2Cm 0-0.1 0.294 1.4584+0.21 | 0.679+0.056
*Cm 0-0.1 0.416 1.25340.21 | 0.698:-0.080
H6Cm | 0-0.385 0.227 0.89+0.30 17.544.0"
#TAm | 0-0.150 0.387 0.864+0.131 | 0.50510.042
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COMPARISON OF LEVEL SPACINGS
DISTRIBUTIONS WITH ONE AND
TWO SYSTEMS OF RESONANCES
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BNL-235 JENDL-3 Obninsk

Sox10%,eV-12 | <D>eV | Sox10%,eV-172 | <D>,eV | §ox10%eV-172 | <D> eV
1.24+0.1 20.9+1.1 1.15+0.12 21.7+0.9
1.0240.06 | 0.52+0.04 0.99+0.12 | 0.56+0.05
1.30+0.26 1.1+0.2 1.5 0.8 1.3+£0.4 0.81+0.10
1.18+0.27 1.4+0.1 1.18 14 1.140.2 1.38+0.10

0.50+0.16 3447 0.94 31.7 0.6+0.2 305
0.90+0.09 | 0.55+0.05 0.967 0.432* 0.93+0.10 | 0.58+0.04

*with the account of the shadowing by the contamination isotopes in the
sample.
"*adjusted to on, in the unresolved energy region.

Table also gives Sy and < D > values from nuclear data files requested
by JAERI General Manager Y. Kikuchi and evaluated for the ISTC Project
B-03.

One can see considerable differences. Our results seem to be more reliable
as we use simultaneously both reduced neutron widths and level spacings
distributions, transformations of which are considered correlating; account of
missing allows to enlarge the involved data base, hence to improve statistics
( data with up to 50% resonances missed can be taken into account); for
odd nuclei it is more correct using right distribution for level spacings.
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1.4  Soft Rotator Model and #%Cm Low-Lying
Level Scheme

Yu.V. Porodzinskij & E.Sh. Sukhovitskij
Radiation Physics & Chemistry Problems Institute
220109, Minsk-Sosny, Belarus

Abstract

Non-axial soft rotator nuclear model is suggested as self-consistant approach
for interpretation of level schemes, y—transition probabilities and neutron inter-
action with even-even nuclei. '

Non-axial §— and y—soft rotator model [1] was suggested to predict low-
lying collective excitations of even-even nuclei. This model is based on the
assumption that such excitations can be found as the energy eingenvalues
of the nuclear Hamiltonian:

The solution is obtained in the flow of Davydov-Chaban [2] idea that
soft nucleus is stretched due to rotations, hence equilibrium oscillator de-
formations change for different excited rotational states. These equilibrium
oscillator deformations are usually growing as spin J of excited level is grow-
ing. In our case we managed to take into consideration soft quadrupole §—
and y— vibrations, and existence of rigid hexadecapole deformation. An
attempt is also made to take into account (in a rather rough approxima-
tion) octupole nuclear deformability ¢ [3]. Formulas for collective excitation
energies and wave functions are too complicated to show them here, all the
details can be found in [1,3]. Figures 1, 2 demonstrate comparison of exper-
imental and levels calculated within the framework of our method for *%U
and "6Se nuclei. It is seen that all the levels of positive parity up to the
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¥ EZP keV

21~ | 3104.0 21~ | 32414
19~ | 2688.9 19~ [ 2834.0
20+ | 26185 |20+ | 2572.1
17~ | 2306.3 17- | 24514
18+ [ 2190.6 | 18* | 2154.7
15~ | 1958.8 15~ | 2096.0
16+ [ 17880 | 16* | 17623
13- [ 16489 13- | 17711

1561.4 g+ || 1552.1 || 8+ || 1485.5
14* | 141533 | 14* | 13982 7+ | 1385.5
11~ [ 13786 8+ || 13824 | 11~ | 1480.3
(6*) | 1270.0 6+ || 1324.8 |
4~ | 12429 6+ | 1239.9
(4*) | 11677 6+ | 1197.5 || 5+ [ 12245 |
9~ [ 1150.5 4+ | 11620 | 97 | 12274
4+ 11270 4+ | 11514
(3*) | 1105.6 3* | 11113
12+ [ 1076.5 | 12+ | 1066.0
2+ | 1060.3 2+ | 1073.3
(4*) | 1055.0 4* | 1059.0
o+ [ 1037.3 2+ | 1037.7 | ng=n,=ne=0
o+ | 993.0 o+ [ 983.1 =2, =2
2+ | 09663 2+ | 969.4
7= [ 965.9 ng=1 7= | 1016.2
2~ 950.0 D, =n¢=0
o+ [ 9270 0+ | 930.7 | K=0, 7=1
5- [ 8264 5- | 850.4
10+ [ 7757 | 10% | 770.1 n,=1
3= [ 7313 ng=n¢=0 3- | 7332
1= | 6798 K=0, r=1 1- | 667.3
g+ [ 5172 | 8+ | 515.2
6+ | 3072 | 67 | 3062 Paog= 7=0.0032 ns=n,=n=0
g+ [ 1484 | 4* | 1480 |0.9881 MeV = 1=0.1402 K=0, 7=1
2+ 449 | 2t | 448 | pp=02125 0p=0.0020
0+ 0.0 0+ [ 0.0 | uy=0.2882 6 =14.88

ng=n,=n=0 =0.1437
K=0, =1 a=0.0259  4,=0.0746  6,=0.7030

Figure 1. Comparison of experimental and predicted 23U level scheme.
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J* E2, keV
12+ | 54294 | 12+ | 5166.4
10— | 5068.1
9+ | 4404.8 9+ | 4758.9
9= | 4324.6 ' 9— | 4477.4
10+ [ 4299.4 | 10+ | 4170.5 '
8~ | _4008.7 6+ || 3947.2 |
7= | 3441.6 7| 37227
T+ 3431.7 7+ | 3578.9
8+ 3269.5 8+ | 3235.3 6+ || 3409.2 ||
6~ | 32624
4+ 3225.0 4+ | 3140.2
6% | 2976.0 6% | 3244.5
4~ | 2859.7
57 | 2824.2 57| 3036.3
2+ | 2816.7 2% | 2813.7
27 | 2669.8
4+ 2618.4 4+ | 2269.8
5* 2488.6 5% 1 24886
37| 2429.0 37| 2243.0
6% | 2262.3 | 6% | 23214 ng=n,=n¢=0
0+ 2170.5 0+ | 2156.5 | K=0, =1
4+ 2025.9 4+ | 2116.6 ng=2
2+ | 1787.6 2+ | 1591.1 n,=n¢=0
3+ 1688.9 3t | 15944 | K=0, =1
4+ 1330.8 | 4% | 1395.7
2+ 1216.1 2+ | 12729 Fuvg= n=0.0911
0+ 1122.2 0+ | 1064.4 0.6582 MeV  p1,=0.2425
2+ 559.1 2+ | 538.0 ng=n,=n,=0 pug=14298 0p=0.15
0+ 0.0 0+ 0.0 ng=1 K=2, 7=2 Hy=0.1275 60, =8.717

ng=n,=n,=0 n,=n=0 ¥%=0.3715

K=0, =1 K=0, 7=1 a=0.01 ~4=0.067 84=0.7031

Figure 2. Comparison of experimental and predicted ™Se level scheme.
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2 MeV and 5 MeV excitation energies accordingly (at least 4 rotational
bands) are predicted with good accuracy. Account of octupole vibrations
is very rough in our model, hence we can describe only K=0" band levels
of negative parity (energy sequence of K=2~ band levels is also predicted,
but the energy of the K=2~ head is usually not right). Table 1 gives the
comparison of experimental and calculated y—transition probabilities. They
were calculated in homogeneously charged soft ellipsoid approximation. One
can see that agreement is not so bad.

Table 1. Comparison of experimental and calculated y—transition

probabilities.
238U
B(E2;i-f),e’b® B(E3;i-f),e’b® B(E4;i-f),e’b*
0%+(0.0)-2%(44,9) 0%(0.0)-37(731.3) | 0+(0.0)-4*(148.4)
experim. calc. experim. | calc. experim. calc.
11.7+0.8 11.15 | 0.50+0.06 | 0.112 | 0.69+0.0.37 | 0.62
11.7£0.15 0.54%0.07
12.30415 0.64+0.06
12.70£0.17 0.49+0.07
6+(307.2)-8+(517.2)
4.7+06 | 5.00
8+(517.2)-10%(775.7)
52405 | 5.07
24%(3534.4)-26™ (4017 .4)
564013 | 7.38
0%(0.0)-2%(1037.7)
0.1150+0.0164 | 0.15
TGSe
B(EZ2;i-f),e’b’ B(E3;i-f),e?b’
0%(0.0)-2%(559.1) 3~(2429.0)-0%(0.0)
experim. calc. experim. calc.
0.4230+0.0050 0.4103 0.0057+0.0007 0.0049

We think all this proves that nuclear wave functions of our model are
reliable enough to be used to build coupling scheme for coupled-channels

calculations.
Such code was created by us. Deformed optical potential of the model

is expanded in the power series of deformed radius to get it’s f—,y— and

#47_
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¢ —deformation parameters dependence. Comparing arising coupling scheme
with that from standard oscillator approach [4] one can see that effective de-
formations are changed in our model by matrix elements (i| 8* | f), (] 7 |f),
(i| €* | f) . In these matrix elements |¢) and |f) are nuclear Hamiltonian wave
functions for initial and final states, A—is the power of expansion. Of course
matrix elements are different for different states and they are usually grow-
ing with the spin J of the level. This results in predicted redistribution
of scattered neutrons. A possibility of reliable **®¥U experimental optical
data interpretation within the framework of the suggested approach was
demonstrated elsewhere [5]. Figs. 3-9 show comparison of experimental and
calculated angular distributions of neutrons scattered by 6Se nuclei. Cou-
pling of five lower levels (0%, 2+, 0F,2F, 4*) plus negative parity level (37) is
considered in our calculations. Scattering with excitation of negative parity
level of "®Se is also in agreement with experiment(Fig. 9).

Suggested model takes into account complicated collective motions that
are combinations of rotations and vibrations, while in the standard approach
two models (rigid rotator and oscillator) exist separately. Parameters of
nuclear Hamiltonian in our approach are adjusted to predict experimental
level scheme and y—transition probabilities. Hence we consider our coupled-
channels scheme much more realistic.

Let us discuss the principal advantages of our approach. Table 2 presents
the results of coupled-channels optical cross section calculations in the stan-
dard rigid rotator approach with the optical potential parameters [6] for **4U

Table 2. Results of coupled-channels optical cross section calculations with
different coupling.

Coupling So 1 S; ot,b Oabs,b
scheme x10* 250keV | 1.3MeV | 250keV | 1.3MeV
0+42+ 0.802 [ 0.737 | 9.30 6.35 1.74 2.28
0++4+2t+4+ 10.962 | 1.963 | 10.28 7.02 3.35 3.34
Ot+....+6% | 1.216 | 2.231 | 10.81 7.06 3.53 2.98
0%+....+8*F [ 1.216 [ 1.979 | 10.37 6.94 3.36 3.04
0*+...+10% | 1.217 [ 1.978 | 10.38 6.96 | 3.36 3.06
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"6se  E =8.0 MeV
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70Se  E =8.0 MeV
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Results for three and five or six levels coupling scheme differ while dif-
ferences are greater than experimental errors of calculated values. That
means that three level coupling scheme recommended for calculations with
the involved potential parameters is not saturated. Nevertheless it predicts
experimental data with high accuracy. As we understand rejected coupling
is compensated by correlated changes of veritable optical potential param-
eters that become to be not unique. That means recommended potential
parameters cannot be used for optical calculations that request changes in
coupling scheme, such as prediction of neutron transmissions for rotational
band excited levels of #38U.

It seems that optical potential for saturated coupling can solve the prob-
lem. But in standard rigid rotator model it is impossible to couple X = 2%
band levels with the ground state rotational band, as it does not allow to
couple levels with different K. While non-axial soft rotator model predicts
(and their is some experimental evidence) that they are coupled with the
ground state as strong as J = 4, K = 0% level, coupling of which can’t be
ignored (see Table 2). That means coupling cannot be saturated without at
least J = 2, K = 2% level.

Model of soft non-axial rotator solves the problem as K = 2 band levels
and others can be coupled with the ground state within the framework of the
model. And what is more gives very effective tool for correct calculations of
direct excitations of a number of collective levels of even-even nucleus up to
~ 2 MeV.

Let me return to the application of the model. The low-lying levels of
?*6Cm scheme of Nuclear Data Sheets [7] appears incomplete at excitation
energy above 0.780 MeV (see Fig.10 ). We used our model to predict energies
for all positive parity levels of even-even **Cm nucleus up to the excitation
energies ~ 2 MeV (assuming five rotational bands). The gap in cumulative
number of ***Cm levels N(U) between 0.5 and 0.8 MeV is due to rather
high position of the K™ = 0~ band, as compared with other actinides. We
generated the unobserved positive parity levels of **Cm with high spin
values and levels of negative parity rotational band with K™ = 0~ up to
1.22 MeV. The parameters of the model were adjusted, fitting experimental
energies of band-heads: K™ = 0*(ng =n, =ne =0), K" =2%(ng =n, =
ng = 0), K7 =0%(ny = 1,n, = ne = 0), K™ = 0% (ng = 0,7y = 1,n¢ = 0)
, K™ = 17(ng = n, = n¢ = 0), here ng,n,,ne- are quantum numbers of
B—,v—quadrupole, and é—octupole vibrations. Rotational levels for bands
with K™ = 27;17; 17 were built as EX" = EX" 4 A(J(J + 1) - K(K + 1)),
the values of rotational constant A were adjusted to describe the measured
level energies. We assigned spin and parity J™ = 67 for the level £ =
1340.16keV, previously unidentified. Adopted level scheme is compared
with the experimental (see Fig.10). One can see that 3 levels up to 1.22
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Figure 11.

MeV were added.

In JENDL-3 evaluation there are 29 discrete excited levels up to 1.509
MeV, i.e. the missing of at least 15 collective levels above ~ 0.78 MeV is
ignored. Fig. 11 demonstrates that this estimate of level missing is consis-
tent with the adopted constant temperature approximation of cumulative
number of levels.
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1.5 Above-threshold structure in 2*Cm
neutron-induced fission cross section

V.M. Maslov
Radiation Physics and Chemistry Problems Institute, 220109,
Minsk-Sosny, Belarus

Abstract

The quasi-resonance structure appearing above the fission threshold in neutron-
induced fission cross section of 2**Cm(n,f) is interpreted. It is shown to be due
to excitation of few-quasiparticle states in fissioning ***Cm and residual **Cm
nuclides. The estimate of quasiparticle excitation thresholds in fissioning nuclide
25Cm is consistent with pairing gap and fission barrier parameters.

The pairing correlation effects in fission have been studied rather exten-
sively. In case of even-even fissioning nuclei the step-like structure of the
K? parameter, defining the angular anisotropy of fission fragments, is in-
terpreted to be due to few-quasiparticle excitations.! The modelling of the
few-quasiparticle state excitations in the level density of the even-even fis-
sioning nuclide U was employed recently to fit the step-like structure in
peutron-induced fission cross section of ®*U around ~1 MeV incident peu-
tron energy.? The broad quasi-resonance structure in fission cross sections of
N-even curium target nuclei occurs at incident neutron energies above the
fission threshold, i.e. in the plateau region. The observed well-pronounced
structures in bomb-shot data on neutron-induced fission cross section of
ZHCm, *5Cm, 2**Cm by Fomushkin et al.®* and Moore et al.® (see Figs.1,2)
also could be attributed to the interplay of a few-quasiparticle excitations
in the level density of the fissioning nuclide and residual nuclei. We suggest
that the intrinsic quasiparticle state densities in fissioning even-odd as well
as residual even-even Cm nuclei play an essential role.

We will discuss ***Cm(n,f) reaction data analysis. We suppose that the
structure appearing in the neutron-induced fission cross section of even-even
target nucleus **Cm could be interpreted as follows. In the vicinity of the
fission threshold and at higher excitations the main competing reactions are
fission and inelastic scattering. In a double-humped fission barrier model
the main factor, defining the competition of fission and neutron emission is
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Figure 1:

the total level density of fissioning nuclide **Cm at inner and outer saddles
and residual **Cm nuclide at equilibrium deformation.

The total nuclear level density could be represented as the factorized
contribution of quasiparticle and collective states within a phenomenological
model by Ignatyuk et al., which takes into account the shell, pairing and
collective effects in a consistent way

P(U, J, 77) = ’rot(Ua J)I{vib (U)qu(U’ Jr 7‘1’), (1)

where pg,, (U, J, ) is the quasiparticle level density, and K,:(U, J) and Ko (U)
are factors of rotational and vibrational enchancement of level density, re-
spectively. The Eq.1 holds in an adiabatic approximation, when the intrinsic
and collective states contributions to the total level density p(U, J, ) are fac-

torized.
For deformed axially symmetric nucleus, which is characteristic for equi-

librium deformations of actinides
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K=J .
Ko(U)= Y, exp(—K’/K]) ~ o} =Fit, (2)
K=—J

K= (cr"_2 - a7%),

where o, and o are the angular momentum distribution parameters, &
is the spin J projection on the symmetry axis. The momentum of inertia
F| (perpendicular to the symmetry axis), equals rigid body value at high
excitation energies, when pairing is destroyed,

Fy = 2/5mqr2 A%(1 + 1/3¢), (3)

where 7, == 1.24 fm, m,, - nucleon mass, e— quadrupole deformation param-
eter, at zero temperature it equals experimental value F,, and is interpolated
in between, using pairing model equations®.

The respective parameters for inner and outer saddle and equilibrium de-
formations: shell correction W, pairing correlation function A, quadrupole
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deformation ¢, and momentum of inertia at zero temperature F,/A? are given
in Table 1. For ground state deformations the shell corrections were calcu-
lated as §W = M®*? — MMS where M™¥ denotes liquid drop mass (LDM),
calculated with Myers-Swiatecki parameters’, and M®*? is the experimental
nuclear mass.

According to shell-correction method calculations of Howard and Moller®
the inner barrier of Cm nuclei is triaxially symmetric during fission process.
The outer barrier retains axial symmetry, while being mass asymmetric.

Table 1

Level density parameters of fissioning nucleus and residual nucleus

Parameter inner saddle | outer saddle | neutron channel
dW, MeV 2.5 0.6 ILDM

A, MeV Dy +6* D, +67 D,

£ 0.6 0.8 0.24

Fo/R*, MeV~1 | 100 200 73

*)é value 1s defined by fitting fission cross in the plateau region.

The mass asymmetry doubles the K..,(U) factor as defined by Eq.2. For
triaxially symmetric nuclides the rotational enchancement factor is

K,o(U) = 22707 0.
The quasiparticle level density pg, (U, J, 7) is defined as follows
(2J + 1)wep(U) ex

J(J+1)
4V2roio) P 20% ’
here wg,(U) is the intrinsic quasiparticle state density.

Now we will address the main item of our discussion - intrinsic state

density of quasiparticle excitations wg,(U), which could be represented as a
sum of n-quasiparticle state densities wyg,(U):

nl — Uﬂ n—1
wl0)= Teml) = Sy

(4

pqp(U, Jym) = (5)

(6)

where g = 6q,.,./n” is a single-particle state density at the Fermi surface,
n is the number of quasiparticles. The value of the main a—parameter of
the model at excitation energy U = U.,, ., is defined by fitting neutron
resonance spacing.? The shell correction dependence of a,, is defined using
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the following equation®:

&(1+ W f(U = Eeonad)/(U = Econa))y U > Uer = 0.4Taee A —mA

a(Uer) = Qer U < U, =0.47a, A% —mA,
(7)
here m = 0,1,2 for even-even, odd-A and odd-odd nuclei, respectively;
f(z) = 1—exp(—vz), is the dimensionless function, defining the shell effects
dumping; condensation energy E.ong = 0.152a.,A%, where A is the correla-
tion function, which equals 12/v/A for ground state deformations, & is the

asymptotic a-parameter value at high excitation energies.

The partial n-quasiparticle state densities wpg,(U) depend critically on
the threshold values U, for excitation of the n-quasiparticle configurations,
n = 1, 3... for odd-A nuclei and n = 2, 4... for even-even nuclei. The values

of U, could be defined as follows from:

a(U) =

U = Eeona(3-23n/n.. —1.5Tn%/n?), if n < 0.446n,, (8)
"1 Eeoma(l4+0.6270%/12), if n > 0.446n,,.
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Figure 4:

Here, n.. = 12/n*(In2)gt.., critical temperature ¢, = 0.571A. This U,
value estimate embodies the energy dependence of the correlation function
A(U) as well as a modified Pauli correction to the excitation energy. The
angular momentum distribution parameter a{f could be represented as

a’ﬁ = Y (M wngp(U)/ D wngp(U), (9)
n n

where (m?) = 0.24A4%7 is the average value of the squared projection of the

angular momentum of the single-particle states ‘on the symmetry axis.

In case of even-even nuclides the partial contributions wng,(U) of n-
quasiparticle states to the total intrinsic state density wg,(U) produce ” jumps”
only for n =2 and n =4 (see Fig.3). The intrinsic state density w;(U),
for the residual nuclide ***Cm could be represented by equation, modifying
wy(U) = g*(U — U,) with a Woods-Saxon expression at excitations below
four-quasiparticle excitation threshold:
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wy(U) = g*(Uy — Uy —0.25)(1 + exp((Us — U +0.1)/0.1)) . (10)

This estimate of w;(U) was obtained by modelling the structure of ®3Pu
intrinsic state density to interprete the step-like structure in ®9Pu(n,2n)
reaction data near threshold.!? Within the pairing gap the experimental col-
lective levels should be employed. Since the scheme of >**Cm collective levels,
lying within the pairing gap, is rather incomplete, we employed the spectra
of collective states for 26Cm, taken from the recent version of Nuclear data
Sheets. Fig.3 shows the **Cm total level density

_ wep(U)

p(U) = Koot (U)Koin(U) \/QTI’U”, (11)
calculated with Eqs.1-10, as compared with the Gilbert-Cameron-type ap-
proximation of p(U) = T 'exp((U — U,)/T),U, = —mA, where m=0,1,2
for even, odd and odd-odd nuclei, matched to the pairing model with un-
constrained number of quasiparticles.® The arrows on the horizontal axis
of Fig.3 indicate the excitation thresholds of n-quasiparticle configurations.
Below the excitation threshold U, the constant temperature model fits the
cumulative number of levels for #¢Cm nuclide.

In case of even-odd nuclei the partial contributions w,g, (U) of n-quasipar-
ticle states to the total intrinsic state density we,(U) produces ”jumps” only
for n =1 and n =3 (see Fig.4). The level density of the fissioning nuclide
¥ Cm was calculated with Eq.(1-10), introducing odd-even excitation energy
shift: U = U + A, where A is the correlation function for the saddle point
deformations (see Table 1). We suppose that the **Cm(n, f) cross section
magnitude is governed by the inner fission barrier parameters, which are
fixed by fission data fit for incident neutron energy above 10 keV. Fig.2 shows
the comparison of deep subthreshold data by Maguire et al.,!? measured
with linac and bomb-shot data by Fomushkin et al.> and Moore et al.> The
incident neutron energy E3 = Us + Ej4 — B ~2.35 MeV, where B is the
neutron binding energy, Ey 4 is the inner saddle height, corresponds to three-
quasiparticle state excitation threshold U; at the inner saddle deformation.
The intrinsic state density for the lowest number of quasiparticles n =1, is
w; ~ g, there is no explicit excitation energy dependence. It defines the
decreasing trend of fission cross section up to the incident neutron energy of
E; ~2.35 MeV. At higher incident neutron energies the three-quasiparticle
state excitations with intrinsic excitation state density ws; ~ g*U? came
into play. Five-quasiparticle excitation threshold occurs at Ey ~3.37 MeV.
Hence, the fission cross section starts to increase once again. To fit the
fission data we just scaled the w; and w; intrinsic states densities by a
factor of 1.5. It seems to be a realistic estimate of level density at low
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excitation energies, although it depends on the fission barrier parameter
values. However, good description of fission data below threshold (see Fig.2)
is the sign of consistency between level density and fission barrier estimates.
The same kind of structure occurs in case of neutron-induced fission®*® of
26Cm and ?®Cm targets. The measured cross section data also could be
described with present approach in deep subthreshold and plateau region.
The detailed description of 26Cm(n,f) and *¥Cm(n,f) fission cross sections
will be given in the forthcoming paper.

The modelling of the intrinsic state density structure of fissioning **Cm
nuclide and residual >**Cm has enabled the qualitative analysis of the quasi-
resonance structure in ***Cm(n,f) measured data well-above fission thresh-
old. This irregularity is the consequence of threshold excitation of **Cm
three-quasiparticle configurations. The excitation threshold is consistent

with measured data below fission threshold.
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1.6 EVALUATION OF NEUTRON DATA FOR
AMERICIUM-241

Maslov V.M., Sukhovitskij E.Sh., Porodzinskij Yu.V.,
Klepatskij A.B., Morogovskij G.B.
Radiation Physics & Chemistry Problems Institute,
220109, Minsk-Sosny, Belarus

May 8, 1996

Abstract

The evaluation of neutron data for >’ Am is made in the energy region from
103 eV up to 20 MeV. The results of the evaluation are compiled in the ENDF/B-
VI format .

This work is performed under the Project Agreement CIS-03-95 with the Inter-
national Science and Technology Center (Moscow). The Financing Party for the
Project is Japan. The evaluation was requested by Y. Kikuchi (JAERI).
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1 Introduction

The advanced nuclear fuel cycle studies request the nuclear data of transplu-
tonium isotopes.! The neutron data for americium isotopes are especially
important in this respect. Recently we have evaluated the data for **Cu.
*#5Cm and >*Cm. In this work the evaluation of ' Am neutron data is per-
formed. The next isotope, which neutron data would be evaluated is ***Am.
The curium and americium isotopes data to be evaluated were requested
by the General Manager of Japan Nuclear data Center Dr. Y. Kikuchi.
The quantities evaluated are resolved and unresolved resonance parameters.
total, elastic and inelastic scattering, fission, capture, (n,2n) and (n,3n) reac-
tion cross sections, angular and energy distributions of secondary neutrons,
including partial (n.xn) and (n.xnf) reaction spectra, fission spectra and
number of neutrons per fission. The incident neutron energy range covered
is from 107 eV up to 20 MeV. The evaluated quantities are compared with

JENDL-3 evaluation.?

2 Resolved resonance region

The measwred data base has not changed essentially since the JENDL-3
and ENDF/B-VI evaluations were completed. Although the high level of
subthreshold fission cross section of Seeger et al.* was discarded, the recent
data of Kobavashi et al.> attracted attention to this problem once again.
The latter data are still unaccessible up to now, mavbe because they need
more sophisticated analysis of >*! Am sample impurities.

2.1 Previous evaluations of resolved resonance parameters

The evaluated single-level Breit-Wigner resonance parameters of ENDF /B-
VI® are based on the resonance parameters by Derrien and Lucas®, Weston
and Todd” and Kalebin et al.® from 107 eV up to 150 eV. Since the first
few resonance parameters given by these authors are quite compatible. the
evaluated resonance parameters are the average values of initial resonance
parameters.®™® The weights take into account the appropriate measurement,
errors. The resulted 195 resonance parameters, /including 5 negative reso-
nances, are obtained assuming radiation width I, = 41.2 meV for 70% of
the resonances. The scatter of radiation width values is from 10 meV up to
94 meV. In the energy region 142.5-150 eV a background radiative capture
cross section of 12.2 barns is emploved. The average resonance parameters.
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thermal cross sections and resonance integral data are given in Table 2.1.
Thermal total cross section is compatible with Kalebin et al.® data.

The multi-level Breit-Wigner resonance parameters of JENDL-3 evaluation®
are actually parameters, provided by Derrien and Lucas.® Since the fission
width values are provided by Derrien and Lucas® only up to 40 eV, at higher
energies average fission width value of 0.229 meV was adopted. The radi-
ation width T’y = 43.77 meV was assumed for 102 resonances out of total
number of 194 resonances. In the energy interval of 55 - 67 eV the radiation
width I', was increased arbitrarily by 100 meV, this leads to severe dis-
crepancies of ENDF/B-VI and JENDL-3 evaluated capture cross sections.
Thermal total and capture cross sections are compatible with Lynn et al.®
evaluation.

2.2 Measured data fitting

The purpose of current resonance parameter evaluation is to extract resolved
resonance parameters up to 150 eV by consistent analysis of available data
on total, fission, absorption and capture data. The incident neutron ener-
gies range is divided rather arbitrarily into two intervals: 107° - 0.1 eV and
0.1 - 150 eV. The energy point of 0.1 eV was chosen because the negative
resonances define the cross sections below 0.1 eV, while contributing mainly
to the thermal cross section values. The multi-level Breit-Wigner formalism
is employed. The assigning of resonance spins was done as follows. Two
assumptions were adopted: the number of resonances with spin J is propor-
tional to (2J - 1), reduced neutron width distribution should obey that of
Porter-Thomas, neutron resonance spacing distribution should obey that of
Wigner.

2.2.1 Total cross section

The total cross section data of Derrien and Lucas® are available in the energy
region of 0.785 eV - 150 eV, Adamchuk et al.!® data are available in the
epergy region of 0.0063 eV - 82 eV and Belanova et al.!! data are available
in the energy region of 0.0212 eV - 150 eV. Two former data sets®!'® arc
compatible in the energy interval of 0.785 eV - 1 eV, while the latter data
set is systematically higher by about 40-+-50 barns below 1 eV (see fig. 2.1).
The same is true at higher energies (see fig. 2.2), however the data shapes
are similar. Moreover, the thermal total cross gection of Belanova et al.'!
1s essentially higher than other available data. We suppose that therc is a
systematic error in data of Belanova et al.!!, so we omit them henceforth

from the analysis.
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2.2.2 Fission cross section

Fission cross section was measured in the energy region of 1 eV - 40 eV
by Derrien and Lucas®, in the energy region above 0.01883 eV by Dabbs ct
al.'?, in the energy region of 0.0321 eV - 150 eV by Bowman et al.'*> and in
the energy region of 0.0231 eV - 50 eV by Gerasimov et al.™ All data sets.
cxcluding data of Dabbs et al.'*, were normalized to the thermal fission cross
section value of ~3.13 eV.

2.2.3 Radiative capture cross section

Radiative capture cross section was measured in the energy region of 0.68
eV - 150 eV by Vanpraet et al.!®

2.2.4 Absorption cross section

Absorption cross section was measured in the energy region of 0.01 eV - 370
keV by Weston and Todd.” The cross section was normalized at thermal
neutron energies (0.2-0.3 eV).

2.2.5 Energy region below 0.1 eV

The pegative resonances define the cross section values in this energy region.
We adopted the following thermal values of: total o, = 599.5 barns. absorp-
tion 7, = 582.78 barns and fission o, = 3.136 barns cross sections, evaluated
from the measured data. The potential scattering radius, calculated with
the coupled channel approach R, = 9.157 fm. The resonance contribution
to the thermal scattering cross section is about 1 barn, the absorption cross
section data of Weston and Todd" should be renormalized to the value of
thermal absorption cross section 7, == o3 — 7,, =~ 588 barns. Consistent. fit-
ting of total, absorption and fission data gives the appropriate values. given
in Table 2.1

The negative resonance parameters due to Lynn et al.%are adopted. Ther-
mal cross section values and cross section data below 0.1 eV are fitted with
present resonance parawmeters.

2.2.6 Energy region 0.1 + 150 eV

There is a systematic difference in the energy interval of 15 eV - 39.8 eV
between fission data by Derrien and Lucas® and by Dabbs et al.'?, the latter
being ~30% higher. However, for narrower intervals (~5 eV), the difference
may exceed ~40%. To "reconcile” both data sets we asswned the total
error of data of Dabbs et al.’? ~3 times as large as original total error. The
resolution function of Dabbs et al.'> measurement was modelled'®, whilc
the resolution parameter was extracted from the comparison of the original
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data and reconstructed with modelled resolution function of data by Dabbs
et al.'?

The resolution function of Vanpraet'® capture cross section measurement
was also modelled'®, while the resolution parameter was extracted from the
data shape analysis. It was increased ~5 times in the interval 56.5 - 79 eV,
~d times in the interval 79 eV - 110.7 eV. ~3 times in the interval 110.7
eV - 150 eV. We suppose that the total error must be about that of the
absorption measurement by Weston and Todd.” Hence, the original error
was increased ~2.3 times.

2.2.7 Resonance parameter analysis

We have got parameters for 195 resonances up to 150 eV. Theyv describe
the measured data on total. fission and capture cross sections within the
attributed errors. The average resonance parameters, thermal cross sections
and resonance integrals are presented in Table 2.1. Figures 2.3, 2.4, 2.5

Table 2.1
ENDF/B-VI | JENDL-3 | This evaluation

T°) . meV | 0.1462 0.1467 | 0.1451
(T}, mev | 0.301 0.229 0.321
(T}, mev | 45.06 51.62 1833
(D), eV | 0171 0.775 0.771
Se x 10* 0.9528 0.9535 0.9345
o: . barn 633.20 714.584 599.469
o, , barn 618.758 600.436 534.802
o; , barn 3.1385 3.018 3.1358
o, . barn 11.303 11.130 11.531
Gy 1.00357 1.00287 | 1.00722
9f 1.01646 1.01665 1.02783
I, , barn 1387.69 1305.80 1351.20
I;  barn | 14.994 13.862 14.508

demonstrate the data fits below 0.1 eV. Figures 2.1 and 2.2 demonstrate
the measured total data fits up to 8 eV. The fig. 2.6 shows the com-
parison of distribution of radiative capture widths for positive resonances
with Porter-Thomas distribution. The resonance missing as well as reduced
neutron width (I'®) and neutron resonance spacing (D) distributions are
discussed below. Table 2.1 shows that for different evaluations s—wave neu-
tron strength finction Sy and reduced peutron width (I'°) values are close
to each other. It is not the case for average fission width, which are rather
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discrepant. Present average fission width value is appreciably higher than
that of JENDL-3 evaluation. since for all resonances above 40 eV the value
of 0.229 meV was adopted. In ENDF/B-VI evaluation the radiative width
was kept constant ( 44.2 meV) for most of the resonances. In JENDL-3 eval-
uation the radiative width is rather high for resonances in the interval 55 -
67 eV. Thermal cross sections and resonance integrals are fairly compatible
with respective measwured data.

The thermal total oy, capture 7, and scattering 7,, cross sections. g,—.
and g;—factors, as well as resonance integrals /v and /; values are calenlated
with a code INTER.'" In case of JENDL-3 and present evaluations the multi-
level Breit-Wigner formalism was used, while for ENDF/B-IV evaluation
single-level formula was employed.

3 Unresolved resonance region

3.1 Review

Unresolved resonance region of ' Am is supposed to be from 0.15 keV up to
41.3483 keV. The lower energyv is the end-point of resolved resonance region.
the upper epergy is the threshold energy of the inelastic scattering. We
suppose s—, p— and d—wave neutron-nucleus interactions to be effective.

3.2 The s-wave average resonance parameter evaluation
3.2.1 Estimate of resonance level missing influence on (D,,,) and (Sp)

The preliminary estimates of average partial widths were obtained by av-
eraging the evaluated resolved resonance parameters. Figure 3.1 shows the
cumulative sun of resolved resonance levels. The averaged parameters for
positive resolved resonances are as follows:

(T%)= 1.444x 107 (eV)/2
(Tr) =0.327 meV
{Dops) = 0.787 eV’
(T'y) = 48.4 meV

Due to missing of weak resonances these average values overestimate
actual reduced neutron width (gI'%) and neutron resvnance spacing {Dos,)-
To get a physically justified values of (gT"°) and (D,s,) we employ a method,
which is described elsewhere.’® Both reduced neutron width and neutron
resonance spacing distributions are obtained in a unified approach. We take
into account the correlation of weak resonance missing and resonance missing



JAERI—Conf 97—001

due to poor experimental resolution. The resolution function parameters as
well as (gT'%) and (D,s,) values are obtained by maximum likelihood method
when comparing experimental distributions of reduced neutron width and
resonance spacing with Porter-Thomas and Wigper distributions, modified
for the resonance missing. The latter distributions will be called expected
distributions.

3.2.2 Evaluation of (Dy,), (So), (I'y) and (I';) based on the resonance pa-

rameters

To evaluate average neutron resonance spacing (Dgps) and s-wave neutron
strength function Sy we apply our method'® to the resolved resonance data
base. We suppose that data up to 150 eV should be taken into account.
Figure 3.1 shows the cumulative sum of resolved resonance levels. Dashed
lines above and below the solid line show the dependence of the error of
(Dys) and the number of resonances. The missing of levels is evident at very
low energies. Energy intervals denoted as I and II, corresponding to different
experimental resolution are shown. Figure 3.2 demonstrates cumulative sun
of reduced neutron widths. Here again, dashed lines above and below the
solid line show the s—wave neutron strength function error. The evaluated

values are:

(So)=( 0.864%0.131)x 10 (eV)~1/?
Dgss) = (0.505+0.042) eV

Figure 3.3 shows the comparison of expected and experimental rednced
neutron width distributions. Figure 3.4 shows the comparison of distribu-
tions for neutron resonance spacing. All the figures are obtained for energy
interval 0-150eV. The expected distributions shown on the fiiues 3.2 and
3.3 demonstrate the effect of resonance missing. There is evidence that the
expected distributions are consistent within statistical errors with the ex-
perimental data for energy interval 0-150 eV. That is the reason to consider
the (Dess) and Sp estimates reliable.

3.3 The s, p- and d-wave average resonance parameter evalua-
tion
3.3.1 Neutron width

Average neutron width is calculated as follows
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)y = S(D,YEV?P,

where P, is the transmission factor for the {th partial wave, which was cal-
culated within black nucleus model. The p-wave neutron strength function
Sy = 2.204x107* (eV) /% was calculated with the optical model. using the
deformed optical potential, described below. According to the results of
optical model calculations So was assumed to decrease linearly to the value
of Sp=0.807x 107*(eV)~"? for neutron energy of 41.3483 keV. The d-wave
neutron strength function was taken from optical model calculations: S
= 1.022x107* (eV).”"? Since the d-wave contribution is rather small. the

impact of any reasonable approximation on calculated values is negligible

3.3.2 Neutron resonance spacing

Neutron resonance spacing (D) was calculated with the phenomenological
model', which takes into account the shell. pairing and collective effects.
The main parameter of the model & was normalized to the observed neutron

resonance spacing (D) =0.505 eV

3.3.3 Fission width

Fission widths are calculated within a double-humped fission barrier model.
Energy and angular momentum dependence of fission width is defined by
the transition state spectra at inner and outer barrier humps. We con-
structed transition spectra by supposing the triaxiality of inner saddle and
mass asymmetry at outer saddle. Thev will be described below. The cal-
culated fission widths (T;"-“) and (I‘;") for s—wave neutrons are normalized
to the average fission width (I';) =0.38 meV at 0.15 keV incident neutron
energy, which allows to describe fission measured data. This value of (T';)
is somewhat higher than average resolved resonance fission width.

3.3.4 Radiative capture width

Energv and angular momentium dependences of radiative capture width are
calculated within a two-cascade ~v-emission model with allowance for the
(n,~f) and (n,yn') reaction competition to the (n,vv) reaction. In this en-
ergv region (n,v) reaction appears to be a radiative capture reaction. The
radiative capture width is normalized to the value of (I',) =18.4 meV. (For
details see Chapter IV).
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3.4 Cross section evaluation in the region 0.15-41.3483 keV
3.4.1 Fitting of fission cross section structure

Experimental fission cross-sections in the unresolved resonance region arc
measured by Bowman et al.?®, Shpak et al.*!, Gayther and Thomas??, Wis-
shak and Kappeler®, Hage et al.”, Knitter and Budtz-Jorgensen®, Dabbs
et al.'> and Kobayashi et al.® Data of Wisshak and Kappeler®, Hage et al.>*
and Dabbs et al.?* are fitted in present evaluation. Dabbs et al.!*data were
chosen to be the base of fission cross section evaluation in the unresolved
resonance region (for details see Chapter IV). An argument in the support
of data by Dabbs et al.!* gives calculation with fission width normalized to
the resolved resonance fission value of (I'f) =0.327 meV. The resulted cross
section values are even somewhat lower than data of Dabbs et al.!® In owr
evaluation we described data by Dabbs et al.'* with fission widths normal-
ized to (I';)=0.38 value at 0.15 keV. Structure observed in data by Dabbs
et al.!? is fitted by adjusting fission width in (=0, J=2" entrance channel.
Comparison of evaluated and experimental fission cross sections in the unre-
solved resonance energy region is given on Fig3.5. Below 10 keV the problem
of discrepancies between earlier and recent data was addressed by Kobayashi
et al.® This data tend to support Gayther and Thomas®® data, which are ~3
times higher than data of Dabbs et al.'? below 10 keV. The data of Knit-
ter and Budtz-Jorgensen® are lying ~10 times lower than data of Dabbs
et al.’? around 1 keV. The most disturbing is the discrepancy of evaluated
curve with data of Knitter and Budtz-Jorgensen®, since they were obtained
with different technique as compared with measurements of Wisshak and
Kappeler® and Hage et al.** That means at least new measurements are
highly desirable below ~100 keV.

3.4.2 Capture cross section energy dependence

Capture cross section in the energy region of interest is measured bv Gavther
and Thomas®*., Wisshak and Kappeler®™ and Vanpraet et al.’>. Absorption
data of Weston and Todd" can be also used as fission cross-sections is verv
small in this region. All the experimental data sets are compatible with
each other below 10 keV, although Vanpraet et al.’® data are lving some-
what higher than others. Above 10keV data of Wisshak and Kappeler® are
in good agreement with data of Gayther and Thomas®® while the data of
Weston and Todd” and Vanpraet et al.'® are essentially lower. In present
evaluation we adopted capture data of Gayther and Thomas®? and Wisshak
and Kappeler® since the data trends above 10 keV are consistent with our
calculated cross sections with the adopted average resonance paremeters.
Comparison of evaluated and measured capture cross-sections in unresolved
resonance region is given on Fig 3.6. We consider non-feasible the repro-
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duction of structure, observed in data of Gayther and Thomas®*? below ~1.5
keV.

3.4.3 Comparison of current and JENDL-3 and ENDF/B-IV evaluated data

Evalnated fission cross sections of this work is consistent with JENDL-3
and ENDF/B-VI in the unresolved resonance region as they are based on
the same data of Dabbs et al.!* Figure 3.5 shows the comparison of fission
cross sections oy for both evaluations. The discrepancies are noticed when
comparing the (n,7) reaction cross sections (see fig. 3.6) Current evalu-
ated capture cross section is &~ 25% lower at the lower edge of unresolved
resonance region then JENDL-3 and ENDF/B-VI evaluations and almost
coincide above 10keV. Fig 3.6 gives comparison of evaluated capture cross
section with measured data. Comparison of the evaluated fission and cap-
ture cross-sections is given in Table 3.1.

Table 3.1 Comparison of the evaluated fission and capture cross sections

[r Energy, | T, b ar, b :

| keV | present | JENDL-3 | ENDF/B-VI | present | JENDL-3 | ENDF/B-V

| 0.175 | 25.26 31.24 26.07 0.165 0.161 0.168
0.350 17.47 22.98 22.29 0.147 0.147 0.152
0.550 13.78 17.55 14.29 0.084 0.093 0.078
0.650 12.59 15.70 13.80 0.100 0.084 0.079
0.350 10.93 13.20 11.27 0.065 0.071 0.069

. 1.250 3.9 10.73 11.16 0.065 0.053 0.064

I 1.750 .46 9.01 S.43 0.041 0.043 0.043
3.5 5.24 6.10 5.92 0.037 0.037 0.035
1.5 4.65 5.00 1.85 0.031 0.031 0.033
8.5 3.53 3.73 3.72 0.021 0.022 0.021
12.5 3.06 3.11 3.25 0.020 0.019 0.019
17.5 2.76 2.81 2.85 0.017 0.017 0.016
225 2.5 2.58 2.54 0.016 0.016 0.016
27.5 2.45 2.39 2.38 0.016 0.016 0.015

41.3483 | 2.22 2.08 2.11 0.014 0.015 0.014

4 Fast neutron cross sections

The measured neutron data in fast energy region, i.e. above ~41 keV arc
available for total, capture, fission and (n,2n) reaction cross sections. Therc
is a lot of discrepancies in fission data in a deep subthreshold region, in a
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plateau region and at higher energies, especially around 14.6 MeV. Nonethe-
less, the available fission and capture data fit would be used as constraint for
(n,n') and (n,2n) reaction cross sections calculation. We reproduce also the
average resonance fission width within double-humped fission barrier model.
To fix fission channel parameters the systematic trends are used.

4.1 Optical potential

The deformed optical potential for n+* Am interaction is employed. The
data of Phillips et al.?® on total cross section are fitted, having in mind the
systematic error of 0.6 barn. The starting values for the potential param-
eters were those for n+>®U interaction.?” The isotopic dependences of real
and imaginary parts of the potential were calculated using the optical poten-
tial parameter systematics.?® Previously we modified the original potential
geometry parameters® to fit total cross section and differential scattering
data for N-odd and even targets above 10 MeV. This procedure of parameter
fitting is well tested in case of and ®3U, ®9Py, U, ¥*Th and ®¥U targets.
Four levels of the ground state rotational band (5/27,7/27,9/27,11/27) are
coupled. The deformation parameters 3 and J, are obtained by fitting
s—wave neutron strength function Sy value of 0.864x10™* (eV)~!/* and p-
wave neutron strength function S; value of 2.00x10™* (eV).7}/? The p-wave
neutron strength function S) was obtained by fitting capture cross section
data of Gayther and Thomas®* and Wisshak and Kappeler® in 20 - 300keV
energy region. This low value of S} was obtained by slight changing of Vg
and Wp values to get low compound reaction cross section. The potential

parameters are as follows:

Ve =46.15—-0.3E, MeV,rg = 1.26 fm,ar = 0.615 fm

W = 3.56 +04E,MeV, E < 10MeV,rp =124 fm,ap =0.5 fm
b= 7.56 MeV, E > 10 MeV

Vso = 6.2 MeV,rso = 1.12 fm, aso = 0.47 fm, B> = 0.181, B, == 0.076

The s-, p-, and d-wave neutron strength functions and potential scat-
tering cross section, calculated with this potential parameters in a coupled
channel approach at incident neutron energy of 150 eV are:

So = 0.851 x 10*(eV)/* | R =9.157 fm

and at 41.3483 keV are:
Sp = 0.807 x 10“(eV)‘1/2 S1 = 2.204 x lO"(eV)‘l/2 Sy = 1.022 x 10“"(eV)'1/2

The reaction cross sections, calculated with deformed optical potential
and spherical optical potential, which is used in JENDI~3 evaluation, are
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compared on fig. 4.1. The significant differences below 1 MeV and above
10 MeV would be manifested in inelastic scattering cross section and (n, 3n)
cross section. The total cross section seem rather different (see fig. 4.2),
especially at low energies, although they fit the data of Phillips and Howe*
within errors. The discrepancy of elastic scattering cross sectioms, shown
on fig. 4.2 is similar to that, observed in case of total cross section. The
differences at low energies are due to rather low value of s—wave strength
function adopted in present evaluation.

4.2 Fission cross section
4.2.1 Status of the experimental data

A number of measurements are available for fission cross section, but most
of them are discrepant with each other. We will divide the data into four
groups: deep subthreshold region, threshold region, plateau region and re-
gion above emissive fission threshold (see figs. 4.4, 4.5, 4.6, 4.7).

Fission cross section of *! Am was measured by Seeger et al.* from 20 eV
to 1 MeV at the bomb-shot. Above 10 keV ratio of fission cross sections of
*1Am and U was obtained. Fission cross section of *** Am was measured
at linac®™ as a ratio to fission cross section of **Puw. BF;-counter was used
as a flux monitor.

Shpack et al.?! defined fission cross section of **! Am in the energy region
from 3 keV to 4 MeV. They have measured shape of fission cross sections
ratio of 2! Am and ®°Pw Then the shape of **!Am fission cross section was
defined, using fission cross section of **Pu. Eventually absolute fission cross
section of **!Am was obtained by normalizing to data of Fomushkin et al.?®
The anomalous trend of fission cross section deep below threshold, observed
by Seeger et al.! was discarded by these data as early as in 1969.

Fission cross section ratio of **!Am and ***U was defined by Fomushkin
et al.? in the range of incident neutron energy from 0.44 MeV to 3.62 MeV.
They have used mica detectors. The sample weight was defined using Ty,
=458.1 years, so their results should be renormalized to new value of Tq, ,,
=432 years.

The ratio of fission cross sections of **! Am and ®°Pu was measured in
the energy range from 0.13 to 7.0 MeV by Kupriyanov et al.?*® The energy
dependence of fission ratios was defined using iomization fission chambers.
The absolute values of fission ratios were obtamned using mica detectors.
The ratios of fission cross sections of ?*Am and *U we obtained from the
original data with the aid of ratio of fission cross sections of ®?Pu and *°U
by Fursov et al.3!

The absolute fission cross section was obtained by Aleksandrov et al.*? at
2.5 MeV neutron energy with the time-correlated associated particle method.
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Neutrons were produced via D(d,n)*He reaction.

The fission cross section ratio of *!Am and ®*U was measured by Knitter
and Budtz-Jorgensen® in the energy range from 100 eV to 5.3 MeV. Fission
events of **!Am were registered by fragment detection using an ionization
chamber with intrinsic suppression of alpha background. Monoenergetic
neutrons were produced via "Li(p,n) (0.153-1.3 MeV), T(p,n) (1-4.5 MeV),
D(d,n) (4.5-5.3 MeV). Below 300 keV down to 5 keV the measurements were
executed with pulsed Van de Graaff accelerator. Neutrons of energies from
1.28 eV to 2.5 MeV were produced with the linac. Absolute values of the
21 Am fission cross section were obtained using *°U reference fission cross
section of ENDF/B-VI.®

Gayther and Thomas®® have measured average fission cross section in
the range of incident neutron energy from 50 eV to 10 keV by observing
prompt fission neutrons at 45 MeV linac. The U measurement was used
to establish an absolute scale for the * Am fission cross section. The average
3357J fission yield in the 1 keV to 2 keV range of incident neutron energies of
7.167 barns was used to normalize the ®3U fission cross section measurement.

Subthreshold fission cross section was measured in the energy range from
10 to 250 keV, using U as a standard, by Wisshak and Kappeler.® Neu-
trons were produced via "Li(p,n) (10-150 keV) and the T(p,n) (50-150 keV)
reaction with the Van de Graaff accelerator. Fission events were detected
by a fission neutrons detector (liquid scintillator). The fission ratio was con-
verted into absolute fission cross section using *°U fission cross section of
ENDF/B-VI.3

Fission cross section was measured by Hage et al.?* in the energy range
from 10 keV to 1030 keV, using *°U as a standard. Continuous spec-
trum neutrons were produced via the "Li(p,n) (10-140 keV) and quasi-
monoenergetic spectra neutrons also via the "Li(p,n) (120-1030 keV) reac-
tion with the Van de Graaff accelerator. In other respects the experimental
setup is similar to that of Wisshak and Kappeler.® The resulted fission
cross section agrees quite good with the data of Wisshak and Kappeler®,
while both data sets lay about 2 times lower than the data of Knitter and
Budtz-Jorgensen® below 250 keV. At higher energies the data of Knitter
and Budtz-Jorgensen®, Hage et al.**, Shpack et al*' and Kupriyanov et
al.3% agree with each other.

The fission cross section ratios were measured by Behrens and Browne
from 0.2 MeV to 30 MeV using ionization fission chambers and a threshold
cross section method. To avoid alpha pileup problems ?*!Am sample of 4
mg was used. The most severe discrepancy is observed in the first plateau
region with previous data of Knitter and Budtz-Jorgensen® and Kupriyanov
et al.*°, which are up to ~10% lower.

The widest energy range covered in one measurement is from 0.02 eV

33
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to 20 MeV by Dabbs et al.!?> They have measured cross sections ratio of
*Am and ®°U above 101 keV, while at lower energies SLi(n,a) cross sec-
tion, normalized to ®*U fission cross section in the 7.8-eV to 11-eV interval
served as a standard. The reduction of the effects of intense alpha-particle
background was achieved with the "honeycomb” fission ionization chamber.
Below 101 keV the data of Dabbs et al.’? are the lowest in the cross sec-
tion level (14+ 0.6 mbarns at 52 to 58 keV.) In the threshold region the
data of Dabbs et al!? agree with data of Hage et al.?®, the data of Knitter
and Budtz-Jorgensen®® being higher than both data sets up to 600 keV. At
higher energies, especially in the first plateau region, the data of Dabbs et
al.?* appear to be consistent with data of Knitter and Budtz-Jorgensen®,
but remain systematically lower than data of Behrens and Browne.®® Above
the emissive fission threshold the shapes of the data by Dabbs et al.!? and
Behrens and Browne® are drastically different.

A number of measurements exists around 14 MeV enpergy point, which are
rather discrepant. Protopopov et al.%*, Kazarinova et al.*and Fomushkin et
al.’6, have measured fission cross section at 14.6 MeV. The sample weight
was defined using T, , =458.1 years, so their results should be renormalized
to new value of T, 2 =432 years. The absolute fission cross section mea-
surement was made at 14.6 MeV with a gaseous scintillator using associated
particle method by Cance and Grenier.>” Prindle et al.®® have obtained an
estimate of fission cross section 2.32+0.09 barn at 14.8 MeV by comparative
analysis of mass-yields of 2! Am and *¥U neutron-induced fission. They have
observed a 13% discrepancy of absolute yields defined using **!Am and 238U
fission cross section ratio and summing mass-yield curve, when the fission
cross section of **!Am is obtained using data of Behrens and Browne.*

The problem of consistency of **!Am fission cross section looks like that.
In the plateau region the data of Knitter and Budtz-Jorgensen®, Kupriyanov
et al.3% and Dabbs et al.’* practically coincide, while the data of Behrens
and Browne®® are lying systematically higher(~6 %).

The severe discrepancies again occur below ~0.250 keV up. The data of
Dabbs et al.!? define the lowest cross section level, while the data of Knitter
and Budtz-Jorgensen® define the highest level. The data of Wisshak and
Kappeler® and Hage et al.** tend to support the data of Dabbs et al.'?
tendency to lower cross section values.

4.2.2 Statistical model calculation of fission cross section

We choose to fit primarily data of Dabbs et al.}® describing measured data
base. That means the lowest cross section level from 10 keV up to 250 keV.
From 250 keV up to 2 MeV the measured data are virtually consistent. From
2 MeV up to emissive fission threshold the data of Dabbs et al.!?, Knitter
and Budtz-Jorgensen® exhibit a distinct slope with incident neutron energy
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(dos/dE ~ 0.06 barn/MeV). This is at variance with the trend of data
by Kupriyanov et al.®® which exhibit perfect ”plateau” shape. The most
peculiar feature of data by Dabbs et al!? is the broad bump around the
threshold of (n,2nf) reaction, while there is a wild scatter of available data
around 14.6 MeV. This bump can not be reproduced within the current
statistical model calculations, mostly due to adopted reaction cross section
(see fig. 4.1). To predict the fission cross section above 14 MeV, we choose
to fit the 2! Am(n,2n) reaction cross section.*® The comparison of calculated
fission cross section with measured data is shown in figs. 4.4, 4.5, 4.6 and 4.7.
The statistical theory calculation of fission cross section was accomplished
within the double-humped fission barrier model. The approach employed in
code STAT for fission cross section calculation is described in more details
elsewhere.1%*! The procedure of calculating fission transmission coefficients
is briefly described below.

4.2.3 Fission transmission coefficient, level density and transition state spec-
trum

The intrinsic two-quasiparticle state spectrum of odd-odd nuclide ***Am at
equilibrium deformation are modelled by Sood and Singh.*? The expected
location of still unobserved two-quasiparticle states was predicted. Using
these intrinsic states as the bandhead energies we have built the rotational
bands, i.e. transition state spectra of fissioning nuclide **?Am. The discrete
transition spectra, as well as continuous level contribution to the fission
transmission coefficient are dependent upon the order of symmetry for *?Am
fissioning nucleus at inver and outer saddles. Due to the axial asymmetry
at the inner saddle*? we additionally assume (2J + 1) rotational levels for
each J value. The rotational band levels at outer saddle are assumed to be
doubly degenerate due to mass asymmetry.** With transition state spectra
defined in the first 0.2 MeV excitation energy range (see Table 4.1) the fission
barrier parameters (see Table 4.2) are obtained by fitting fission data (see
figs. 4.4, 4.5). The fission width for s—wave neutrons (I's), calculated at
incident neutron energy of 0.15 keV is consistent with average fission width
value, obtained in unresolved resonance region.

The discrete character of few-quasiparticle excitations is virtually unim-
portant for level density modelling in case of odd-odd ***Am fissioning nu-
clide. We will model the level depsity above 0.2 MeV in the following
approximate way. The level density of axially symmetric fissioning nu-
cleus is calculated in constant temperature approximation, i.e. p(U) =
Tf—1 exp((U — U,)/Ts). The respective parameters, nuclear temperature 7
and excitation energy shift U, are defined at the matching energy U, =2.4
MeV. At excitation energies above U, the continuum part of the transition
state spectrum is represented with the phenomenological model!, which
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takes into account pairing, shell and collective effects at saddle deforma-
tions. The asymptotic value of the main parameter of the level density for
fissioning nucleus **?Am is assumed to be the same, as that of **Am com-
pound nuclide. After that the effects of non-axiality and mass asymmetry
are included. The detailed procedure of calculating fission transmission coef-
ficient is described elsewhere.** The respective parameters: shell correction
at saddles W, pairing correlation function A, quadrupole deformation e,
and momentum of inertia at zero temperature Fo/A? are given in Table 4.3.

Table 4.1

Transition spectra band-heads of ?Am

inner saddle outer saddle

K™ | Egr, MeV | K™ | Egr, MeV

1= 100 1~ 100 '

0~ | 0.044 0~ | 0.044

5~ 10049 |5 [0.049

6~ | 0.170 6~ | 0.170

1= 0.220 1= | 0.220

3= 10242 3— | 0.242

2~ 10.288 2= 10.288
Table 4.2

Fission barrier parameters

Nucleus | Barrier | Barrier height, MeV | Curvature, MeV
2Am | inmer 6.315 0.6
22Am | outer | 5.775 0.4
*1Am | inner 6.000 0.8
MAm | outer | 5.350 0.5
*0Am | inner 6.100 0.6
20Am | outer | 6.000 0.4
X9Am | inper | 6.000 0.8
=9Am |outer | 5.400 0.6
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Table 4.3
Level depsity parameters of *?Am fissioning nucleus and residual nucleus
1A
Parameter inner saddle | outer saddle | neutron channel
6W, MeV 2.5 0.6 ~2.402
A, MeV Ay +0.11 Ly +0.11 AV
€ 0.6 0.8 0.24
Fo/R°, MeV~! | 100 200 73

Above ~2 MeV incident neutron energy fission cross section data were
fitted (see fig. 4.6) by slight increase of pairing correlation function value.
The parameters used for calculation of residual nuclide ?*’Am level depsity
for neutron emission competition are described below. Below incident neu-
tron energy of 0.312 MeV the neutron cross sections are calculated within
Hauser-Feshbach approach with a width fluctuation correction taken into
account. For width fluctuation correction calculation only Porter-Thomas
fluctuations are taken into account. Effective number of degrees of free-
dom for fission channel is defined at the higher (inner) saddle as v{™ =
T/ /T Where T7, is the maximum value of the fission transmission
coefficient T}{". Above incident neutron energy of 0.312 MeV the Tepel et
al.* approach is employed. The calculations are made with code STAT.¥

42.4 Fission cross section above emissive fission threshold

The first chance fission cross section of **’ Am(n,f) reaction above the emis-
sive fission threshold is fixed with the level density and fission barrier param-
eters systematics*®*! ( see Tables 4.2, 4.3) and secondary neutron spectra
parameterization (see fig. 4.7). A consistent description of a complete set
of measured data on (n,f), (n,2n) and (n,3n) for **U and ®5U targets was
accomplished with the secondary neutron spectra parameterization*®, which
is used here. The fission cross section is calculated with the statistical code
STAPRE.*" The fission barrier parameters of *'Am and **°Am are defined
by fitting **'Am(n,f) reaction data above emissive fission threshold. The
peutron resonance spacing values for target nuclei **Am and ®°Am were
taken from evaluation of Fort et al.*® The calculated fission cross section is
drastically different from JENDIL-3 evaluated curve above (n,2nf) reaction
threshold (see figs. 4.7, 4.8). The calculated fission cross section at 14.8
MeV neutron energy virtually coincides with the data by Prindle et al*
and Fomushkin et al.® The discrepancy with Dabbs et al.}* is unavoidable,

_847
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since the measured data by Dabbs et al.!? appear to be just as high as reac-
tion cross section at 14.8 MeV. They are incompatible with the calculated

fission cross section

4.3 Inelastic scattering cross section

The inelastic scattering cross section is calculated with the statistical codes
STAT* and STAPRE.Y The discrete level excitation (compound and di-
rect), continuum excitation and pre-equilibrium emission contribute to the
inelastic scattering cross section.

4.3.1 Levels of 2 Am

The low-lying levels of scheme of Nuclear Data Sheets'? appears incomplete
at rather low excitation epergy (see fig. 4.9). In JENDL-3 evaluation there
are 16 discrete excited levels up to 0.682 MeV, i.e. the missing of levels
above ~0.682 MeV is ignored (see fig. 4.9). Only one level with J™ =13/2~
of the ground state band was added to the adopted level scheme of latest
edition of ENSDF. 4

4.3.2 1 Am level density

The continuum level density below excitation energy U, = 3.6 MeV is cal-
culated with the constant temperature model

p(U) =T exp((U - U,)/T),

here, energy shift U = -0.96455 MeV, nuclear temperature 7' = 0.40723 MeV
are the constant temperature model parameters. The cumulative number
of observed levels is compared with constant temperature approximation
on fig.4.9. At higher excitation energies the phenomenological model® is
used. The main model parameter & for 2*!Am residual nucleus is obtained
by fitting the predicted neutron resonance spacing*® of *°Am target nuclide
(Dops) == 0.372 V.

4.3.3 Compound inelastic scattering

The residual nucleus >*! Am level density modelling, adopted in present work
changes the inelastic scattering cross section below 5 MeV as compared with
JENDL-3 evaluation (see fig. 4.10). Above ~1 MeV incident neutron energy
the discrepancy is due to direct excitation of the ground state band levels.
The discrete level excitation cross sections (see figs. 4.11 - 4.16) show that
adopted optical potential influences appreciably on the shape of inelastic
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cross sections. Above 0.3~ MeV incident neutron energy inelastic scattering
to the continuum gives a major contribution to the total inelastic scattering
cross section. Above 5 MeV incident neutron energy pre-equilibrium emis-
sion and direct inelastic scattering are the two reaction mechanisms which
define inelastic scattering cross section (see fig. 4.13). The pre-equilibrium
model parameters were tested by the statistical model description of ®*U+n
interaction secondary neutron spectra and consistent description of fission
and (n,xn) reaction data for major actinides.*® Steep decrease of inelastic
scattering cross section of JENDL-3 above ~5 MeV (see fig. 4.10) is due to
missing of pre-equilibrium emission of neutrons.

4.3.4 Direct inelastic scattering

The direct inelastic scattering changes the shape of ground band levels ex-
citation cross sections above 1 MeV incident neutron energy (see figs. 4.11 -
4.16). This mechanism defines partly the hard-energy tail in total inelastic
scattering cross section (see fig. 4.10). The calculations were accomplished
with the code COUPLE.®

Table 4.4

Level scheme of *!'Am

Eyn, MeV | J™ K | band
0.000 5/2= | 5/2
0.0418 7/2= [ 5/2
0.0936 9/2= [ 5/2
0.1580 11/2- ] 5/2
0.2059 5/2+ [5/2
0.2340 13/2- | 5/2
0.2350 7/2% | 7/2
0.2390 3/2= |3/2
0.2720 9/2% | 7/2
0.2730 5/2= [5/2
0.3120 15/2~ | 5/2
*) added

2 W W O W) | ] | |
*

4.3.5 **2Am level density

The level density of odd-odd compound nuclide **?Am one needs to calculate
radiative capture width and (n,ym’) reaction contribution to the compound
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inelastic scattering cross section. The continuum level density below exci-
tation energy U, = 2.4 MeV is calculated with the constant temperature
model, the constant temperature model parameters are: emergy shift Uy =
-1.6452 MeV, nuclear temperature 7" = 0.39241 MeV. The cumulative num-
ber of observed levels is compared with constant temperature approximation
on fig.4.12. At higher excitation energies the phenomenological model!? is
used. The main model parameter & for >*?Am residual nucleus is obtained
by fitting the evaluated neutron resonance spacing of **’Am target nuclide
(Deps) = 0.505 eV.

4.4 Radiative capture cross section

Gayther and Thomas?? have measured average neutron absorption cross
section in the range of incident neutron energy from 100 eV to 500 keV
using large liquid scintillator. The shape of incident neutron spectrum was
determined by comparison with the 6Li(n,a) cross section below 30 keV and
the ®%U (n,f) cross section at the higher energies. The cross section was
normalized in the 1 keV to 2 keV energy range to the value of 9.48 barns
of Weston and Todd.” There is a systematic difference between data shapes
of Gayther and Thomas®? and Weston and Todd" of up to 20% between 10
and 100 keV.

Capture cross section was measured by Wisshak and Kippeler® in the
energy range from 10 to 250 keV, using *"Au as a standard. Capture events
were detected by Moxon-Rae system. The data have been converted to
absolute values using the *"Au(n,7) cross section of ENDF/B-VI. Capture
cross section data agree well with absorption data of Gayther and Thomas?®?,
while Weston and Todd” data are systematically lower than both data sets.
We will fit the capture cross section data of Wisshak and Kappeler.

The radiative capture cross section is calculated within a statistical ap-
proach up to 5 MeV. Radiative capture strength function equals S,o =
958.42. At higher incident neutron energies we assume radiative capture
cross section to be 1 mbarn. The radiative capture width was calculated
with (n,7f) and (n,yn’) reactions competition against "true” capture reac-
tion (n,yv). Notwithstanding rather high fission threshold for **?Am com-
pound nuclide the competition of (n,7f) reaction is stronger than that of
(n,yn’) reaction. The influence of (n,yn’) and (n,yf) reaction competition
on radiative capture cross section is illustrated on fig.4.18 by sharp decrease
of capture cross section above 1 MeV incident neutron energy, as compared
with (n,vx) reaction cross section. The capture cross section of ENDF/B-VI
is systematically higher than present evaluation above 200 keV.
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4.5 Cross sections of (n,2n) and (n,3n) reactions

The cwrrent and JENDL-3 evaluated (n,2n) and (m,3n) cross sections are
rather different. The magnitude of (n,2n) cross section below the (n,2nf)
reaction threshold is defined by (n,nf) and (n,2n) reaction competition. We
described in our approach the (n,2n) reaction data of Filatenkov et al.?
around 14 MeV incident neutron energy. To calculate the (n,2n) reaction
cross section we use an approach, developed for description of the *¥U(n,2n)
reaction cross section.*® The presemt and JENDL-3 evaluated fission cross
sections are rather different, as well as reaction cross sections above 10 MeV
incident neutron energy (see fig. 4.1). The present and JENDL-3 evaluations
are compared in fig. 4.19. There is no hard-energy tail in (n,2n) reaction
cross sections both in JENDL-3 and ENDF/B-VI evaluations. In case of
(n,3n) reaction the difference in reaction cross section above 11 MeV (see
fig. 4.1) contributes essentially to the discrepancy, shown on fig. 4.20.

5 Energy distributions of secondary neutrons

There is no measured data on secondary neutron spectra. To calculate
neutron energy distributions of (nxny) and (n,xnf), x=1, 2, 3 reactions
we use a simple Weisscopf-Ewing evaporation model®® taking into account
fission and gamma competition to neutron emission. The pre-equilibrium
emission of first peutron is included.

5.1 Model calculations of (n,nx) reaction spectra

The first neutron spectra for the (n,nx) reaction is the sum of evaporated
and pre-equilibrium emitted neutron contributions. The pre-equilibrium
emission contribution is calculated with a parameter systematics tested in
case of n+>%U and n+*°U interactions.* We have calculated the 1st, 2nd
and 3d neutron spectra for the (n,nv), (n,2n) and (n,3n), where applicable.
According to the ENDF/B-VI format we included the secondary neutron
spectra in the following way. The calculated spectra were summed up and
tabular spectra for the (n,ny), (n,2n) and (n,3n) reactions were obtained. To
clarify the competition of neutron, y-emission emission and fission in case
of (n,nx) and (n,2nx) reactions we have chosen the following presentation of
spectra. Figure 5.1 shows the spectrum of 1st neutron of the reaction (n,nx)
and its partial contributions for (n,nv), (n,2n), (n,nf) (n,20f) and (n,3n)
reactions. Figure 5.2 shows the spectrum of 2nd neutron of the reaction
(p,2nx) and its partial contributions for (n,2n), (n,3n) and (n,2nf) reactions.
The spectra of 1st and 2nd neutrons are normalized to unity. The partial
neutron spectra shown on figs. 5.1, 5.2 are normalized to the contributions of

*88_
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appropriate cross sections to the (n,nx) and (n,2nx) reaction cross sections,
respectively.

Table 5.1 Average energies of secondary neutron spectra

E,, 1st neutron average energy, MeV

MeV (n, »’) (n, 2n) (n, n’f) (n, 3n) (m, 2n’f)
pres. | B-6|J-3|pres. {J-3| pres. |pres.|J-3| pres.

20 | 054 | 0.52 | 0.60

8.0 | 355 | 359 | 112|068 069 | 1.02

15.0 | 10.79 | 9.65 | 1.53 | 3.85 | 1.53 | 3.44 1.02 | 1.19 0.91

200 | 1578 | 16.64 | 1.77 | 9.06 | 1.77 4.75 3.11 | 1.77 2.80

E,., | 2nd neutron average energy, MeV | 3d neutron
MeV | (m, 2n) (n, 3n) (n, 20’f)
pres. | J-3 | pres. | J-3 pres. pres. | J -3
80 | 0.23 | 0.65
150 | 0.86 | 1.07 | 0.73 [ 0.98 | 0.66 | 0.22 | 0.77
20.0 | 0.85 | 1.38 | 1.14 | 1.39 1.12 0.64 | 0.80

The inclusion of pre-equilibrium emission changes significantly the av-
erage energies of emitted neutron spectra. That is shown in Table 5.1,
where the average secondary neutron energies for current and JENDL-3 and
ENDF/B-VI evaluations are compared. The most significant is the change
of neutron spectra of (n,nv) reaction. Figs 5.3-5.7 demonstrate the discrep-
ancies of secondary neutron spectra in current, JENDL-3 and ENDF /B-VI
evaluations. Spectra of our and ENDF/B-VI evaluations are in qualitative
agreement, while those of JENDL-3 are much softer.

The 1st peutron spectra of (n,nf) reaction also becomes harder and that
influences prompt fission neutron spectra. On the other hand, the spectra
of 2nd and 3d neutrons become softer.

5.2 Prompt fission neutron spectra

Prompt fission neutron spectra were calculated within the framework of
Madland-Nix model. %

5.2.1 Model calculations of prompt fission neutron spectra

The model parameters, which should be defined are the following.
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5.2.1.1 Fragment masses. The fragment masses are defined as Ay =
102 and Ay = 140, in accordance with the data of Asghar et al.>* Fragment
charges are defined using the ratios of

(ALJ{)/(ZL,H +* 05) = AF/ZF.

The average fragments adopted are °’Nb and 4°Xe.

5.2.1.2 Energy parameters. Average total fission energies (Eg) and
average fission-fragment separation energies are calculated as in Madland-
Nix model using mass tables of Audi and Wapstra.>® Measured total frag-
ment kinetic energy (TK E) for ***Am fissioning nucleus differs significantly
in limits 179-185 MeV in various measurements. Therefore the value of
(TKE) for this nuclei had been defined to fit 1/,(£) from thermal to 5 MeV
energy. The resulted (TKE) = 183.02 — 0.08E,,, for other fissioning nu-
clei (TKE) had been defined as (TKE)(A — 1) = (TKE)(A) + 0.24E,, in
accordance with Viola et al.’* systematics.

5.2.2 Other parameters.

The level density parameter of the fermi-gas model is calculated as a =
Arx/10.2, MeV.™! Becchetti-Greenlees® spherical optical potential param-
eters are employed to calculate compound cross section.

5.2.3 Prompt fission neutron spectra evaluation

Below emissive fission threshold prompt fission neutron spectra are calcu-
lated with the parameters given in Table 5.2. Figure 5.8 shows the compari-
son of calculated thermal prompt fission neutron spectrum with maxwellian
spectra of JENDL-3 (T =1.389 MeV) and ENDF/B-VI (7" = 1.3906 MeV).
Average epergy of fission spectrum is 2.14 MeV, it is compatible with eval-
uated values of JENDL-3 and ENDF/B-VI, however the spectra shapes are
significantly different. Figures 5.9, 5.10 demonstrate the discrepancy of our
calculation and JENDL-3 and ENDF/B-VI evaluations. The discrepan-
cies are due to emissive fission contribution in present evaluation as well
as maxwellian fission spectrum presentation in JENDL-3 independent from
incident neutron energy.

Above emissive fission threshold the fission neutron spectra N(E) is the
superposition of emissive fission spectra, i.e.

N(E) = (2L Ni(E) + %’l’:‘—;} [P 7 (E) + vaN2(E))
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4% [‘b]n.znf(E) + ®Z5r(E) + N3 (E)])/

TnF

[:—:ﬁl/l + “““'”,,":;. (14+ws)+ “"“”;:; 2+ Vs)] ’

where Onr, Onf, Onrf, Onany are the total and i-th chance fission cross sections
(i=1,2,3); Prwys, Phonsr and 75, are emitted neutron spectra: for (n,nf)
reaction, 1st and 2nd neutrons of (n,2nf) reaction, respectively; v; and N; are
multiplicity and prompt neutron spectra for the i-th fissioning nucleus. The
pre-equilibrium emission of the first neutron is included, the &}, . spectra
for the emissive fission are calculated with Weisscopf-Ewing evaporation
model.%°

Table 5.2

Parameters of the Madland-Nix model

Fissioning AL AH (ER), <TKE), Bm
nucleus fragm. | fragm. MeV MeV MeV
2 Am 102Nb HO0¥e | 204.963 | 183.020 5.538
HlAm 101N 0% 204.353 | 183.260 6.641
A 100N 0¥ 204.845 | 183.500 5.957

Table 5.3 Comparison of Madland-Nix and present approach

E, =8 MeV E, = 15 MeV
Quantity | M-N model®® | Present | M-N model’® | Present
{Ey) 2.333 2.333 2.485 2.485
vy 4.241 4.241 5.220 5.220
(Ew; Y | 1179 1021 | 1.600 3436
(Ez) | 2.158 2162 | 2.310 2.260
Vo 3.117 3.139 4.000 3.757
(B 3 |- . 1.600 0.906
( Eanp )? | - - 1.088 0.658
TANRE . 5147 5173
Vs - - 2.967 3.105
(E) 2230 5921 | 2.367 3475
v 4.210 4.215 5.140 5.062
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Table 5.3 ( continued)

E. = 20 MeV

M-N model®® | Present
2.586 2.586
5.900 5.900
1.839 4.753
2.412 2.351
4.620 4.242
1.839 2.804
1.412 1.124
2.254 2.238
3.560 3.470
2.436 [ 2.625
5.764 5.614

The influence of pre-equilibrium pre-fission neutrons on prompt fission
neutron multiplicity v; and prompt neutron spectra NV; predictions as well as
N(E) and v(FE), is illustrated in Table 5.3 and Fig. 5.11. In Table 5.3 (E;)
denotes average prompt fission neutron energy of i-th fissioning nucleus,
(E) is the average fission peutron energy, (Ey;),{ Fans)'and ( Es,s)’are
the average enpergies of neutrons, emitted in (n,nf) and 1st and 2nd neu-
trons emitted in (n,2nf) reactions, respectively. The Figs. 5.12-5.14 show
the partial contributions of i-th chance fission to the total fission neutron
spectrum at incident neutron energies of 8, 15 and 20 MeV.

6 Number of neutrons per fission

The number of prompt fission neutrons at thermal epergies was measured
by Lebedev and Kalashnikova®® in 1958 (1,=3.06640.05) and Jaffey and
Lerner®” in 1970 (1,=3.219+0.021). At higher energies the v,(E) was mea-
sured by Khokhlov et al.®%®, but the the data are unaccessible and only
linear energy dependence v,(E)=(3.05540.023)+(0.139% 0.007)E, fitted to
experimental data is provided. Note, that the data points on the figures of
refs.%8% lie systematically higher than proposed energy dependence. That
may be due to different weights for data points while producing the energy
dependence estimate. Therefore the present evaluation of v,(E) is based on
calculation within Madland-Nix model, fitted in the energy range up to 5
MeV to the energy dependence of Khokhlov et al.*: 1,( E)=3.078-+0.146E,..
The calculated number of prompt fission neutrons is copsistent with both
the data points and the energy dependence of Khokhlov et al>® up to ~ 10
MeV incident neutron energy. The comparison of v/,( E) with measured data,
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JENDL-3 and ENDF/B-VI evaluations is shown on fig. 6.1. The Madland-
Nix model calculations predict non-linear increase of 1,(E) above emissive
threshold. The influence of pre-equilibrium pre-fission neutrons manifests
in additional appreciable decrease of dv/dE above 12 MeV. The delayed
number of neutrons per fission 4 and the decay constants for six groups of
delayed neutrons are taken from Brady et al.®® Specifically, vy = 0.00427 for
incident neutron energies up to 4 MeV and vy = 0.002418 for £,, > 7 MeV.

7 Angular distributions of secondary neutrons

The angular distributions of elastically scattered neutrons and those for neu-
tromps, scattered on three levels of ground state band are calculated with the
coupled channel method. The isotropic compound scattering contribution
is taken into account by renormalizing l-th Legendre polynomial coefficients
A%, calculated with coupled channels:

A = Afca’dir/(o'dir"}‘o'wmz’)'

where 0y, and ocomp, are the scattering cross section direct and compound
contributions, respectively. For the other contributing reactions angular
distributions of secondary neutrons are assumed isotropic.

8 Conclusions

The evaluated neutron data file for * Am is compiled in ENDF/B-VI format
and sent to the International Science and Technology Center (Moscow) and
Japan Nuclear Data Center at Japan Atomic Energy Research Institute.

Numerous discrepancies of experimental data coupled with possibility
of some new data becoming available (for example, **!Am(n,f) data of
Kobayashi et al.® (Kyoto University, Japan) may urge some revision of data
file. Present version of **!Am data file may be revised before 1 March of
1998, the expiration date of Project CIS-03-95.
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Figure captions

Fig. 2.1 Total cross section of *!Am in the energy region below 1 €V.
Fig. 2.2 Total cross section of **'Am in the energy region below 8 eV.
Fig. 2.3 Total cross section of **'Am in the energy region below 0.1 V.
Fig. 2.4 Absorption cross section of **’Am in the energy region below 0.1
eV.

Fig. 2.5 Fission cross section of 2! Am in the energy region below 0.1 eV.
Fig. 2.6 Distribution of radiative capture widths for 2*!Am.

Fig. 3.1 Cumulative sum of neutron resonance levels of *!Am.

Fig. 3.2 Cumulative sum of reduced neutron widths of ! Am.

Fig. 3.3 Distribution of reduced neutron widths for ! Am.

Fig. 3.4 Neutron resonance spacing distribution for **!Am.

Fig. 3.5 Fission cross section of **?Am in unresolved resonance region.
Fig. 3.6 Radiative capture cross section of **’Am in unresolved resonance
region.

Fig. 4.1 Compound reaction cross section of **!Am.

Fig. 4.2 Total cross section of **'Am.

Fig. 4.3 Elastic scattering cross section of *!'Am.

Fig. 4.4 Fission cross section of **! Am.

Fig. 4.5 Fission cross section of **'Am.

Fig. 4.6 Fission cross section of *'Am.

Fig. 4.7 Fission cross section of **'Am.

Fig. 4.8 Fission cross section of **Am.

Fig. 4.9 Cumulative number of levels of ! Am.

Fig. 4.10 Inelastic scattering cross section of **!Am.

Fig. 4.11 Cross section of **'Am: 0.0418 MeV, 7/2~ level excitation.

Fig. 4.12 Cross section of *!Am: 0.0936 MeV, 9/2~ level excitation.

Fig. 4.13 Cross section of *!Am: 0.158 MeV, 11/2" level excitation.

Fig. 4.14 Cross section of *'Am: 0.2085 MeV, 5/2* level excitation.

Fig. 4.15 Cross section of *'Am: 0.235 MeV, 7/2* level excitation.

Fig. 4.16 Cross section of *'Am: 0.272 MeV, 9/2% level excitation

Fig. 4.17 Cumulative number of levels of ***Am.

Fig. 4.18 Radiative capture cross section of **!Am.

Fig. 4.19 *** Am(n,2n) reaction cross section.

Fig. 4.20 **'Am(n,3n) reaction cross section.

Fig. 5.1 Components of first neutron spectrum of **! Am for incident neutron

energy 15 MeV.

Fig.

5.2 Components of second neutron spectrum of **!Am for incident

neutron energy 15 MeV.
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Fig. 5.3 Comparison of (n,n’y) reaction neutron spectra of >*! Am for incident

neutron energy 8 MeV.
Fig. 5.4 Comparison of (n,2n) reaction neutron spectra of **! Am for incident

neutron energy 8 MeV.

Fig. 5.5 Comparison of (n,n’y) reaction neutron spectra of >*¢Cm for incident
neutron energy 15 MeV.

Fig. 5.6 Comparison of (n,2n) reaction neutron spectra of ' Am for incident

neutron energy 15 MeV.

Fig. 5.7 Comparison of (n,3n) reaction neutron spectra of **' Am for incident
neutron energy 15 MeV.

Fig. 5.8 Thermal prompt fission neutron spectrum of **! Am.

Fig. 5.9 Calculated fission neutron spectra of ?Am ratio to JENDL-3

evaluation ( Tpae = 1.389 ).
Fig. 5.10 Calculated fission neutron spectra of ! Am ratio to ENDF/B-VI

evaluation.

Fig. 5.11 Fission neutron spectra of **'Am ratio to standard Madland-Nix
model calculation for incident neutron energies 8, 15 and 20 MeV.

Fig. 5.12 Fission neutron spectra of *'Am for incident neutron energy 8
MeV.

Fig. 5.13 Fission neutron spectra of **!'Am for incident neutron energy 15
MeV.

Fig. 5.14 Fission neutron spectra of ! Am for incident neutron energy 20

MeV.
Fig. 6.1 Prompt fission neutron multiplicity for *! Am.
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2. Measurements of Fission Neutron Spectra of
the Minor Actinides

Spontaneous Fission of Curium Isotopes

(V.G. Khlopin Radium Institute)
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2. 1 Status of Measurements of Fission Neutron Spectra

of Minor Actinides

L. Drapchinsky, B. Shiryaev

V.G. Khlopin Radium Institute

2nd Murunski Avenue 28, Saint Petersburg, Russia

Abstract

The report considers experimental and theoretical works on studying , the
energy spectra of prompt neutrons emitted in spontaneous fission and neutron
induced fission of Minor Actinides. It is noted that neutron spectra
investigations were done for only a small number of such nuclei, most
measurements, except those of Cf—252, having been carried out long ago by
obsolete methods and imperfectapparatus. The works have no detailed
description of experiments, analysis of errors, detailed numerical information
about results of experiments. A conclusion is made that the available data do
not come up to modern requirements. It is necessary to make new
measurements of fission prompt neutron spectra of transuranium nuclides
important for the objectives of working out a conception of minor actinides

transmutation by means of special reactors.
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Status of Measurements of Fission Neutron
Spectra of Minor Actinides

L. Drapchinsky, B. Shiryaev

Among other nuclear data necessary for solving the problem of
transmutation of actinides using the special Actinide Burner
Reactors (ABR) are the data on prompt neutron spectra (PNS) in minor

actinide fission.

The Np, Pu, Am, and Cm isotopes are of most interest [1]. The
requested accuracy of PNS for this nuclides is the same as for the
main fuel nuclides i.e. the accuracy of average neutron energy of

spectrum must be 1-2% at high reliability of results.

Meanwhile the measurements of PNS have been carried out only
for a few of nuclides of interest in spontaneous fission. In neutron
induced fission not numerous measurements have been carried out at a
few values of neutron energies only. In most cases the measurements
were performed long ago, using imperfect equipment and methods
without detailed analysis of possible errors. In a number of cases
the results of various authors for the same nuclide differ on the
values much greater than the uncertainties quoted.

239py  thermal

The data for the 252cf spontaneous fission and
neutron induced fission are exceptions. For these nuclides numerous
measurements were performed as well as evaluations of integral
PNS i.e. the PNS averaged with corresponding weights over the
fission fragment mass distributions, emission angles, total kinetic
energies of fragments [2,3]. At present the PNS in spontaneous
fission of 2°?cf is accepted as a standard PNS and widely used in
analysis of experimental data and testing and calibration of

experimental set-ups.

Monocrystal scintillation spectrometers used in the early works
on the PNS measurements made it possible to estimate experimentally
the PNS shape. These stylbene spectrometers enabled measuring the
PNS in a wide energy range. At the same time the threshold from low
energy side was usually 1 - 3 MeV. This resulted in a loss of
experimental information and rather large uncertainties in the low

energy region of PNS, because this part of PNS was estimated only by
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extrapolation of data obtained in accordance with Maxwell [4], Watt
{5] or Gurevich and Mukhin [6] distributions. It sould be noted also
the definite complexity of transformation of apparatus spectrum into

energy one.

During the past 25 years the time-of-flight (TOF) method is
exclusively used in PNS measurements in spite of low efficiency of
TOF-spectrometers. This method is the most accurate and reliable for
neutron energy measurement in a wide energy range. To decrease dead
time short properly delayed pulses from fission chamber or formed of
an accelerator beam pulse are used as stop signals whereas pulses

from neutron detector surve as start signals.

The detection of fission event makes it possible to i%rease the
time resolution of spectrometer, to use an accelerator in permanent
regime of operation i.e. to increase the incident neutron flux

significantly.

Various fast detectors are used for fission fragment detection:
surface-barrier Si-detectors, flat one- and mnultilayer ionization
current pulse chambers, gas scintillation chambers, micro-channel
plates, detecting delta-electrons knocked by fragments out of thin
aluminium oxide or carbon films set close by the 1layer of fissile
nuclide. It 1is important to ensure that the fission fragment
detection efficiency is close to 100%. That means that the layers of
fissile nuclide must be thin enough to avoid the losses of fragments
due to self-absorption, the pulses due to alpha-particles and their
pile-ups must be well discriminated from those due to the fission

fragments.

If the stop pulse formed from accelerator beam pulse is used in
TOF-spectrometer the following disadvantages take place: firstly,
the finite duration of the accelerator beam pulse decreases the time
resolution of spectrometer; secondly, it is impossible to measure
PNS in the energy region below the incident neutron energy since the
neutron detector will register the incident neutrons both
unscattered and scattered. This shortcoming results in the loss of

useful information.
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At the same time this method has one important advantage: large
quantity of fissionable nuclide can be used in the PNS measurement
because in this case the fission fragment absorption 1is of no
importance. Nevertheless, the absorption and scattering of neutrons

in the sample under study must be taken into account.

Neutron detectors wide wused in TOF-spectrometers are of
scintillation type based on stilbene crystal, 1lithium glass,
scintillation plastics, 1liquid scintillators. Good neutron-gamma
discrimination by pulse-shape analysis and fast time response are of
great importance. That is why stilbene crystals, liguid NE-213, and
BC-501 are mainly used lately.

The neutron detector efficiency is determined by measurements
of rates of monochromatic neutron fluxes of known intencities and by
calculations. The direct determination of neutron detector
efficiency can be changed on the measurements of PNS relative to the
reference standard PNS, say PNS in spontaneous fission of 252c¢f.
Namely this method is used in the PNS measurements we are carrying
out in the frame of the ISTC, Moscow at the active support of our
collaborators, first of all JAERI and Dr. Yasuyuki Kikuchi as
JAERI's representative. This method is especially effective if both
the PNS of nuclide under study and the reference one are measured

simultaneously using the same detectors and measuring channels.

Note, that in most measurements the spectrometer flight bases
are 50 to 100 cm and can be varied during the study. Possible PNS
distortions due to elastic and inlastic scattering of neutrons by
surrounding objects (premise floor, seiling, walls etc.) must be
taken into account. It is desirable to perform the measurements in

the conditions where these effects can be deminished.

Let us now consider the results of PNS measurements of minor
actinides grouping the data in accordance with excitation energies:
- spontaneous fission;
- thermal neutron induced fission;

- fast neutron induced fission.
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SPONTANEOUS FISSION

The studies of the PNS in spontaneous fission of minor
actinides are performed for a few number of nuclides only. The

results are listed in Table 1.

In most experimental works the PNS are compared to the
distribution obtained by Terrell [{4] on the basis of the evaporation

model (the Maxwell one-parameter distribution):

2 1/2 -E/T
N(E) = E e (1)
(J[Ts )1/2

where N(E) is the number of neutrons per unit energy interval, E is
the kinetic energy of neutron, T is the '"hardness'" parameter, or the
"temperature". For the Maxwell distribution the spectrum average

energy <E> is connected with the temperature by the expression:
<E> = 3/2 T (2)

In the earliest measurements of 240Pu by Bonner [7] Bramblett
counters [14] were used that allow to obtain the parameter T of the
Maxwell distribution by the ratio of the counting rates in two
counters of different diameters. The reliability and precision of
those measurements are low. The calibration of the counters was done
by the PNS in U-235 thermal neutron fission with the parameter T =
1.332 MeV, which by modern data seems to be overestimated.

240py spontaneous fission by

Measurements of PNS in the
Bolshov et al. [8] and Alexandrova et al. [9], as well as in that of
244cpm [9) were carried out by means of monocrystal scintillation
spectrometers based on stilbene crystals. That allowed to broaden
the energy interval of measuring the spectrum and to execute a
discrimination of gamma-rays. In works [8,9] monochromatic neutrons
of the reactions T(p,n), D(d,n) and T(d,n) were used for the
calibration of neutron spectrometers. In using monocrystal
scintillation spectrometers the neutron registration threshold turns
out very high, which causes 1losses of a great part of the neutron
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Table 1. Results of investigations of PNS in spontaneous

fission of minor actinides.

f T | T T T R
I Nuc- |Energy lMethod of I Method of I T |Refe—|
| 1ide | (Mev) |measurement | calibration | (MeV) | rence|
L I ! | ! | |
I T ] T T { ]
| 24%py] 0-4 |Bramblett |Fission neutrons |1.189% 0.030| [7] |
| | |counters 1235U+n (thermal) | l 1961|
Ok | + . ——
| | 3-11 |Monocryst. |Monoenergetic | 1.24 * 0.03]| (8] |
I | Is ectrometerlneutrons l I 1962]
P
| | % : | —
| | 1-17 |Monocryst. |Monoenergetic | 1.27 * 0.03| [9) |
| | ls ectrometer|neutrons | | 1974|
p

1 | | { 1 ] |
i T T T T T |
| 242py| 0.3-5 | Time-of- |Fission neutrons | 1.21 * 0.07| [10]]
| | | -flight [235y+n (thermal) | | 1969]
L | | [ ] | |
r — T T ! T i
| #4%cm| 0.3-6 | Time-of- |Fission neutrons | 1.37 * 0.04| [10]]
l | | -flight |235y+n (thermal) | | 1969]
| - 'r | | —
| | 0.4-6 | Time-of- |Fission neutrons | 1.38 * 0.03] [11]|
| | | -flight [235y+n (thermal) | | 1970]
| L | | [ ! ]

| ] ] T 1 i
| | 2-14 |Monocryst. lMonoenergetic | 1.33 = 0.03]| [9] |
| l lspectrometerlneutrons I | 1974
L [ | | ! ! ]
I | I I T i 1
I 245Cm| 0.4-6 | Time-of- IFission neutrons | 1.39 * 0.04] [12]|
| | | -flight [235y+n (thermal) | | 1979]
L 1 | | i [ |
I T T i I ] ]
| 248Cm| 0.4-6 | Time-of- |Fission neutron [1.43 * 0.04 | [12]|
| l | -flight |235y+n (thermal) | | 1970]
| L I , I [ | |

f | T T | 1
I | 0.1-10 | Time-of- |Neutrons of spont.|1.379% 0.005| (13]]
| I | -flight |fission of Cf-252 | | 1991]
L 1 | 1 1 1 ]
| I 1 T T T i
| 252¢f| 0.02-20] - |Evaluation | 1.42 | (27 |
| | | | | | 1986
L I | | | ! |
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spectrum. Thus, in initial measurements of 240py [8] the neutron re-
gistration threshold was about 3 MeV, and the loss in neutron re-
gistration accounted for more than 70%. Later the threshold was lo-
wered down, however, remaining quite high (1 MeV). A similar situa-
tion is in measurements of the 2%%cm fission PNS, where the spectrum
was measured in the energy range from 2 to 14 MeV. In this case the
loss being over 55%. For the same reason the Maxwell distribution
parameters are determined for a very limited region of the spectrum,
especially from the low-energy side. Besides, it was assumed in ad-
vance that the energy distribution of neutrons corresponds to the
Maxwellian. Errors 1in determining the parameter T are assessed by

authors equal to 2-2.5%.

The application of the time-of-flight method in measurements of
242py and ?%%cn by Belov et al. [(10], of 244
{11], and of 246cm and %%8cm by Zhuravlev et al. {12] allowed to

Cm by Zamyatnin et al.

essentially improve the energy resolution of the measurements and to
get rid of complex processing of experimental distributions
necessary 1in previously used methods. In that case, however,
the spectrometer 1light-grasp decreased. Pulses from both a gas
scintillation counter detecting fission fragments ([11,12], and a
scintillation counter detecting fission prompt gamma-quanta (10],
were used as stop signals in the spectrometers. In the latter case
a thorough development of the method is required, because prompt
gamma-quanta correlate with a fragment mass, as well as with the
direction of 1its motion. Scintillation counters based on stilbene
crystals and plastic scintillators were used as neutron detectors.
The spectrometers time resolution was about 4 ns and better, the
flight path used in most works was about 50 cm.

The neutron detectors were <calibrated by the PNS in 235y
thermal neutron fission with the Maxwell parameter T = 1.29 MeV. 1In
works [10-12] the neutron registration threshold was lowered down to
0.3 - 0.4 Mev, however, without using the neutron/gamma
discrimination. The obtained results are shown in Fig. 1a and 1b.
They do not disagree with the the Maxwell distribution, however, as
seen from the figures, there are few experimental points in energy

regions over 3-4 MeV.
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Fission layers in all the measurements (except [7]) were thin
enough to use the time-of-flight method with fission fragment
detection as a time signal. The samples were enriched in the
isotope studied. The rates of neutron registration were very low,
and this led to the need for prolonged measurements, for a maximum
possible decrease of the background and for applying a correction

for equipment instability.

The main source of errors in the considered works is inaccuracy
of determining of the neutron detector efficiency. A noticeable
share of the error may be caused by a number of other reasons: the
inaccuracy of the time (or energy) calibration of the spectrometer,
the absence of neutron/gamma discrimination, the incorrect account
of the background of random coincidences and scattered neutrons, the

neutron and gamma-background, etc.

Careful measurements of spectra were carried out in a number of

252

works for Cf spontaneous fission [2,15,17] as well as for 248 cp

spontaneous fission [13].

The PNS of £52cf spontaneous fission after making many
measurements and evaluations was accepted as an international
standard. There are a number of reviews for it (see, for example,
[2,15-17]), and therefore it is not considered here 1in detail.
252 ¢

[19] are shown in Fig. 2. The results are given in relation to the

Experimental and <calculated PNS 1in spontaneous fission of

Maxwell distribution with the parameter T = 1.42 MeV accepted at
present. One can see that the spectrum has a complex character.
There are deviations from the Maxwell distribution in several energy
regions, both towards an increase of the N(E) value and towards

decrease, especially great at energies over 5 MevV.

Froehner [19] made an evaluation of the PNS of 252¢cf  and came

to conclusion that the Watt distribution

~E/a
N(E) ® e sinh(bE)!/? (6)
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at the parameters a = 1.175 and b = 1.040 describes quite well the
evaluated PNS. Such a representation of the spectrum, according to
Khomyakov et al. {20], may be acceptable for practical application.

The PNS in *%8cm spontaneous fission was measured by Batenkov
et al. [{13]. Much attention in the measurements was paid to
increasing the precision and reliability of the results. For this
purpose, for the first time of the works considered the spectrometer
was calibrated by the 252 cf spontaneous fission PNS which was being
measured simultaneously with 248 cn measurements and using the same
equipment. The time reference 1in the multiparameter neutron
spectrometer was done by means of microchannel plates by recording
the electrons knocked out by fission fragments from thin films of
Al, O3 that covered the layers of 248cm and %%%c¢f. Neutron detecting
was done by a scintillation counter based on stilbene crystal and a
photomultiplier FEU-30, using the neutron/gamma pulse-shape discri-
mination and a two-threshold selection. The high-enrichment (95%)
isotope being measured was deposited onto a thin platinum backing on
the reverse side of which was applied a layer of 252¢f. As a result
the authors succeeded in getting the time resolution less than 0.6
ns for neutron energy over 1 MeV and about 1 ns at low energies, as
well as in reducing to minimum the effects of instability of the
electronics and the detectors. The uncertainty of determination of
the spectrum average energy <E> (relative to the <E> of the 252Cf)
was lowered down to 0.4%, and the spectrum was measured in the ener-
gy range from 0.1 to 10 MeV. Note, that only a small amount of the
248cn was used in the measurement. The rate of fissions in curium
layer was 2x10* fissions/minute. 1In Fig. 3 the PNS in the form of
relation to the Maxwell distribution with the parameter T = 1.38 MeV
is shown. The parameter T is determined proceeding from its best
correspondence between the Maxwell distribution and the measured PNS
in the energy range 0.75 - 6 MeV. It is seen from the figure, that
in the energy range below 0.5 MeV is observed an excess of intensity
over the Maxwell distribution, and in the energy range 0.5 - 1.0 and

over 6 MeV - a decrease.

Terrell [4], and then some other authors, considered the
connection of the parameter T (or <E>) with the value of the average
number of prompt neutrons emitted in one fission event, the <V>,
which also grows in transition to heavier nuclei. A comparison of
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the dependence <E> = a + b[<v>+1]1/2, suggested by Terrell, with
experimental data is given in Fig. 4. The values of the <V> are
taken from the work by Malinovsky et al. [21]. It is seen, that for
most transuranium nuclides there is an agreement within experimental
error limits with the suggested dependence. However, the value and
the character of growth of the <E>, given the existing uncertainties
of experimental data and a small number of nuclides studied, are

quite indeterminate.

It should be noticed, that all the principal information about
neutron spectra in spontaneous fission ( 240Pu, 242py, 244cp and
246Cm) was obtained 1long ago ([6-11]. And though the errors in
determining the Maxwellian parameter T, presented in those works,
are relatively small (about 3%), the accuracy of the energy
spectrum shape determination remains still rather low. All this is
connected with a few reasons. Firstly, the T values are determined
only for a limited region of spectra and, consequently, they cannot
characterize the T for the whole energy range, and, secondly, (which
is principal), careful measurements of the neutron spectra of 2°%cf
spontaneous fission (and recently also 248Cm) show that spectra
shapes essentially differ from the Maxwellian. Therefore the T
parameter is mainly used now as an average characteristics of the
spectrum shape. It should be noted specially, that works [6-11] do
not contain a detailed description of experiments, control tests,
analysis of corrections and errors. The works have no numerical
material on the results, and the spectra are presented on the
logarithmic scale, which does not allow to use even the graphic
data. In this connection there is practically no possibility to
perform a modern analysis of those works. Therefore all the nuclides
considered ( 240Pu, 242Pu, 244Cm, 246Cm) should be subjected to
new measurements on the modern investigation 1level, as well as
should be repeated investigations of the 2%%cm spectrum, where,

besides, a very weak source of fissions was used.
THERMAL NEUTRON FISSION

Measurements of PNS in thermal neutron fission of transuranium

239Pu

nuclides are also few, except for which there are some

reviews and evaluations (see, for example, [3, 16, 17]). But the
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results of measurements, evaluations and recommendations of main
libraries not always agree with one another even for this nucleus,

and therefore require an additional specification. Fig. 5 taken from

239Pu thermal
248Cm

reference (17] shows that the neutron spectrum in
neutron fission, as well as in the cases of 252¢f and
spontaneous fission, has a complex character and differs from the
Maxwell distribution. According to the recent evaluation by
Khomyakov et al. [3], the average energy of PNS in 239py  thermal
neutron fission equals to 2.07 ¥ 0.03 MeV, and the spectrum shape
for neutron-physical calculations within experimental error limits
may be satisfactory described by the Watt distribution [see equation
(6)] with the parameters a = 1.03 and b = 0.858<V> - 0.436.

In Table 2 the results of PNS measurements for the thermal

neutron fission of minor actinides are given.

Table 2. Results of investigations of PNS in thermal

neutron fission of minor actinides.

T T

| 1 1

I T I I
| I Energy | Method of |Maxwell distrib.|Reference,|
| Nuclide I range | measurements | parameter | year |
l [ (Mev) | l T (MeV) l l
f f 1 5 + -
| 238py | 0.4-6.0 |Time-of-flight| 1.39 * 0.04 ][11],1970 |
| 23%pu | - | Evaluation | 1.38 + 0.02 | (31,1992 |
| 24'py | 0.3-6.0 |Time-of-flight| 1.335 % 0.034 |[21],1961 |
| 24'py | 1.6-7.0 |Recoil protons| 1.335 * 0.034 [[21],1961 |
| 242Mam | 0.4-6.0 |Time-of-flight| 1.42 * 0.03  |[11],1970 |
| 2%3cm | 0.4-6.0 |Time-of-flight| 1.43 * 0.04  |[12],1973 |
| 24%cm | 0.4-6.0 |Time-of-flight| 1.50 * 0.05 |[11],1970 |
| 247cm | 0.4-6.0 |Time-of-flight| 1.46 * 0.04  |[12],1973 |
| 24%cm | 0.4-6.0 |Time-of-flight| 1.55 * 0.04 |[11],1970 |
{ | ]

PNS measurements in thermal neutron fission are more difficult
in comparison to spontaneous fission measurements due to neutron and
gamma-background. Therefore, much attention in such measurements is

paid to a careful collimation and adjustment of the neutron beam, a
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good protection of the neutron detector and an effective catching of
the beam in order to attenuate the surrounding neutron field and

gamma-ray field.

The time-of-flight measurements of PNS in thermal neutron
fission of 238Pu, 2420 Am  and curium isotopes in works by Zamyatnin
et al. [11] and Zhuravlyov et al. [12] were carried out on the same
equipment as measurements of the PNS at spontaneous fission. A gas
scintillation fission chamber with corresponding targets was
irradiated with a taken-out horizontal beam (1.5x15 mm) of the SM-2
reactor. The measurements were performed with cadmium and without
cadmium on the beam's way. The net effect of thermal neutron fission
was determined from these measurements. The obtained experimental
results are presented only in the form of dependences ln[N(E)/Ei/z]
on the E in the Fig. 1b. The spectra for the measured region agree
with the Maxwell distributions. 1In the cited spectra there are few
experimental points for neutron energies over 3.5 MeV, which may be

attributed to insufficiient statistics.

In Fig. 6 a dependence of <E> on <V> for measurements carried
out in thermal neutron fission of transuranium nuclides is
presented. One can see that, as well as in spontaneocus fission, the
neutron spectra become harder with a growth of the nucleus mass

number or the <V> value.

Thus, all the spectra for thermal neutron fission of

transuranium nuclides (except 239Pu): 238Pu, 241Pu, 242mAm, 243Cm,

245Cm and 247

Cm [11,12,21] were measured only once and mainly by

one group of authors and over 20 years ago. The measurement results
agree with the Maxwellian. Meanwhile practically all modern
information on neutron spectra of spontaneous fission (252Cf,

233y, 235y, 239%py ) points to

248Cm) and thermal neutron fission (
essential deviations from that distribution. Besides, as well as for
spontaneous fission, those works not contain a detailed description
of the experiments, the methods of applying corrections, the
evaluation of errors. The measurements were carried out in quite
limited neutron energy ranges, without an account of neutron
scattering effect and much else. All this shows that existing data

on the energy spectra for the thermal neutron fission of the
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considered nuclides do not correspond to modern requirements. Hence
follows an unambiguous conclusion of the necessity to perform new
measurements on the basis of up-to-date equipment and experimental

methods.
FAST NEUTRON FISSION

In measurements of the PNS of transuranium nuclides fission by
fast neutrons additional experimental difficulties arise due to the
small value of fission cross section and high background because the
detection of primary neutrons and the interaction of these neutrons
with the environment. Besides, at neutron energies above the
threshold of reactions (n,xnf), where x =1,2,..., the PNS are
caused by both the reaction (n,f) and reactions of subsequent
fissions, that is after the emission of the pre-fission neutrons.
Thus the energy distribution of neutrons is a function of primary

neutron energy Ej .

Because of the small fission cross section a comparatively
large quantity of the material is necessary in order to obtain an
acceptable counting rate of neutrons In the time-of-flight method
this makes it difficult to use the conventional fission chambers.
Therefore some works on PNS measurements were run on pulsed
accelerators, using the short pulse formed from accelerator beam
pulse as a time signal. To use fission event as a time signal fast
multilayer pulse fission chambers with a large quantity of the
material were developed. Such chambers allow to work on accelerators
in the constant regime and, consequently, at comparatively large

neutron fluxes.

Note, that even 1in wusing multilayer fast fission chambers of
special design the PNS measurement in fast neutron fission is a
complicated task. The difficulties are largely concerned with an
intensive loading of the neutron counter as a result of recording
the scattered, both primary and fission, neutrons on the chamber
details and surrounding objects, as well as of intensive
gamma-radiation. Therefore it 1is necessary to use an effective
shielding of the neutron detector, to make arrangements for

decreasing the neutron scattering.
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PNS in fast neutron induced fission were measured for the only
minor actinide, namely 237Np. These measurements were performed by
Trufanov et al. [22, 23] and Boykov et al. {24] by the
time-of-flight method with multilayer fast fission chambers , which
allowed to use comparatively large amounts of 237Np (especially in
work [24]). 1In Table 3 the data on the results of these spectra in-

vestigations are cited.

Table 3. Results of investigations of PNS in 237Np fast

neutron fission.

I I | ] | I 1
|Neutron|Spectrum| Average energy l Method of | | Refe-|
|energy | range | of spectrum | measurements | Year | rence|
| (Mev) | (Mev) | (MeV) l | l |
| % | % | —
| 2.9 |o.25-12 | 2.06 * 0.03 | Time-of-flight | 1994 | [24] |
| 4.9 | o0.7-12 | 2.19 * 0.04 | Time-of-flight | 1992 | [23] |
| 6.0 | 0.7-12 | 2.23 | Time-of-flight | 1990 | [22] |
| 7.8 | 1.5-12 | 2.03 * 0.08 | Time-of-flight | 1992 | [23] |
| 14.7 |o.25-12 | 2.13 * 0.04 | Time-of-flight | 1994 | [24] |
{ | | f 1 | 1

The fission PNS of 237Np in works by Trufanov et al. [22,23]
was measured at energies E; = 4.9, 6.0 and 7.8 MeV. The measurements
were done at one angle (90 degrees) to the direction of movement of
primary neutrons, which could distort the result due to anisotropy
of both pre-fission and post-fission neutrons. Note also, that the
works do not report about the efficiency of fragment registration.
The results of measurements of the spectrum shape, presented on the
semilogarithmic scale, are compared to distributions based on

calculations by the cascade-evaporation Maerten-Seeliger model [26].

Measurements of 237Np PNS by Boykov et al. [24] were made at
energies E; = 2.9 and 14.7 MeV, respectively below and over the
threshold of emission fission. The flight path was 205 cm, and the
calibration of the neutron detector was performed in the course of
measuring the spectrum, which allowed to account for the equipment

instability connected with the duration of the measurements. The
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lower threshold in the spectrum measurement was decreased down to
0.25 MeV. Neutron spectra were measured at the angle 90 degrees to
the primary neutron beam, however, corrections were applied into
final results for the angular correlation between primary and
secondary neutrons. The fragments registration efficiency at the
level of discrimination used was 70%. The results of measurements at

E; = 2.9 and 14.7 MeV [24] in the form of ratios of the Ry of

measured PNS of fission N(E,E;) to the Maxwell distribution for
252 cf spontaneous fission (T = 1.42 MeV) are presented in Fig.7. One
may see for the E;{ = 14.7 MeV an essential increase of Ry (E,E;) with

a sharp enough upper bound at 8.5 MeV, which the authors attribute
to the mechanism of non-equilibrium emission of pre-fission
neutrons, as well as an increase of the yield of soft neutrons (E <

1.5 MeV) caused, probably, by the dynamics of the process.

Fig. 8 shows a dependence of measured and calculated average
energies of PNS for 237Np neutron fission on the E; value (see
[23]). For E;y < 6 MeV a monotonous growth of <E> in dependence on E;
is seen. Near the (n,n'f) reaction threshold, i.e. <E> ™~ 6 MeV,
there is a decrease of <E> that, according to theory, is caused by

the beginning of the emission fission process.

Thus, as a result of investigations of PNS for fast neutron
induced fission of minor actinides there are data for 237Np, for
five energies of primary neutrons. The registration thresholds were
rather high (except [24]). There is a lack of information about the
efficiency of fragments registration. Hence, it does not seem
possible to evaluate the real uncertainty of measurements on the

basis of published data.
CONCLUSIONS

1. There are experimental data on fission prompt neutron spectra

for only a small number of transuranium nuclei.

2. Most part of the experimental results were obtained long ago
(15-20 years ago and more) by means of imperfect equipment and
obsolete methods (quite limited energy range of measurements,

low energy resolution, absence of neutron/gamma discrimination,
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no account of the neutron scattering effect). In those works
there is no detailed description of experiments, no analysis of

experimental errors, no numerical information of the results.

The indicated in o0ld works comparatively high accuracies of the
determination of the Maxwell temperature T for many reasons
cannot be considered as an evidence of an accurate
determination of the fission PNS shape. First of all, because
old measurements of PNS were performed in a limited energy
range and that information was extrapolated to the whole
spectrum. Besides , by data of measurements in recent years the
fission PNS shape considerably differs from the Maxwell
distribution.

Measurements show, that with an increase of the energy of
neutrons inducing fissions grows the hardness of the prompt
neutron spectrum. Quantitative conclusions are difficult,
however, because of the 1low gquality and a small number of
experimental data. Calculations of this dependence by the
Maerten-Seeliger model [26] in some cases do not give an

agreement with experimental results.

Theoretical calculations of prompt PNS on the basis of modern
models require a knowledge of the emission mechanism, as well
as a dgreat volume of input data. 1In principle, such
calculations may give agreement with experimental results,
which takes place for 252¢f spontaneous fission for the
spectrum energy region from 0.5 to 10 MeV. However, it is only
agreement of theoretical calculations with measurements carried
out at high precision for quite a number of nuclides, that can
able to use theoretical calculations for predictions of fission
PNS characteristics.

In connection with the task of long-lived transuranium nuclides
transmutation in special burner reactors, the knowledge of
neutron spectra shapes is required for isotopes of Np, Pu and
Cm with the same accuracy (not worse than 1-2% by the average
energy) as for nuclei of the basic fuel in conventional

reactors.
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The task of further investigations is to study the spectra on
the modern experimental level, for a wide energy range of a
spectrum, with great reliability and for a possibly greater
number of nuclides, as was as revealing the regularities of the
PNS characteristics in  dependence on the A, z, E' of
fissionable nuclei and the energy of primary neutrons. On the
basis of these experimental data it is possible to develop a
corresponding systematics of PNS, which will allow, side by
side with theoretical calculations, to predict PNS for all

cases necessary in practice.
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Fig. 1. Fission PNS for some transuranium nuclides.
a-[10]; b-[Il].
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Fig. 2. Evaluated [2] and calculated [1§] PNS for Cf-252 spontaneous fission relative
to the Maxwell distribution with the parameter T = 1.42 MeV. Calculations using two
anisotropy coefficients b of particle emission in the center-of-mass system.
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Fig. 3. Deviations of experimental PNS in Cm-248 and Cf-252 spontaneous fission

from Maxwell distributions.
0 0 o - data of work [13] for Cm-248 (T = 1.38 MeV),
—— - evaluation [2] for Cf-252 (T = 1.42 MeV).
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Fig. 4. Dependence of <E> on <v> for spontaneous fission.

o - Bolshov et al. [8], ® - Aleksandrova et al. [9], x - Belov et al. [10],

+ - Zamyatnin et al. [11], @ - Zhuravlyov et al. [12], ® - Batenkov et al. [13],
$ - Mannhart {2}, —— - Terrell [27].
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Fig. 5. Relation of PNS in Pu-239 thermal neutron fission [17] to the Maxwell
distribution with the parameter T = 1.383 MeV.
® - evaluation, o0, x - experimental data.
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Fig. 6. Dependence of <E> on <v> for thermal neutron fission.
0 - Zamyatnin et al. [11]}, @ - Zhuraviyov et al. [12], @ - Khomyakov ct al. [3],
B - Smith et al. [21], - Terrell [27).
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2. 2 The statistical model calculation of prompt neutron spectra from

spontaneous fission of 244Cm and 246Cm

B.F.Gerasimenko

V.G.Khlopin Radium Institute,
2nd Murinski Avenue 28, 194021 St.Petersburg, Russia

-Abstract

The calculations of integral spectra of prompt neutrons of spontaneous fission
of 244Cm and 246Cm were carried out. The calculations were done by the Statistical
Computer Code Complex SCOFIN applying the Hauser--Feschbach method as
applied to the description of the de-—excitation of excited fission fragments by
means of neutron emission. The emission of dipole gamma—quanta from these
fragments was cosidered as a competing process. The average excitation energy of
a fragment was calculated by two—spheroidal model of tangent fragments. The
density of levels in an excitated fragment was calculated by the Fermi—gas model.
The quite satisfactory agreement was reached between theoretical and
experimental results obtained in frames of Project measurements. The calculated
values of average multiplicities of neutron number were 2,746 for 244Cm and 2,927

for 246Cm that was in a good accordance with published experimental figures.
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THE STATISTICAL MODEL CALCULATION OF PROMPT NEUTRON SPECTRA FROM
SPONTANEOUS FISSION OF **Cm AND *Cm
8. Grasimehn KO
Introduction KRI , 4. Peters Burg 2ussia

The study of low energy fission has shown that de-excitation of fission fragments is mainly
determinated by the statistical emission of prompt fission neutrons (PFN) and gammas [ 1-3] and
the contribution of non - statistic effects is negligible [4[. To calculate PFN spectra the simple
cascade evaporation model [5,6] has usually been used. But nowadays it is obviously that more
detail investigation of PFN emission ohenomena is available only in the frame of exact and
consistent approach such as Hauser-Fescbach statistical model.

The method of calculation.

Present calculation have been made assuming that in the case of spontaneous fission the main part
of neutrons is connected with equilibrium neutron emission mechanism. It has been shown that this
assumption is@gu_gﬁgg\ood for the case of spontaneous fission of 22Cf. The neutrons are emitted
from fully accelerated excited fragments by the cascade mechanism. It was supposed that neutrons
are emitted isotropically in center of mass system (CMS) of fragments. Then PFN spectrum for
fragment with A,Z in CMS which moves with Ejy will be formed as

Y mag v-1

N(&,A,Z,E) =) (1~ W(i)-n,(5,4,Z,E,), M
vl =0

where

Vmax - maximum value of neutrons emitted from fragment

ny (e,A,Z,Ey) - CMS spectrum of v-th neutron normalized to 1.
W(v) - neutron multiplicity distribution for fragment

CMS spectrum of v -th neutron can be obtained by averaging of the CMS neutron spectrum
o(e,E’,A-v+1,Z) from the fragment with excitation energy E* on the excitation energy distribution

E*
‘/)(6)53"4,2)=§w(&*,‘ J,A,Z) () ) @

*
n (8') A)Z)Ek) = ng* P (E‘: Alz) ZU)(E?J} A)Z) rn (E ) ’ (3)
THEN+ P (EY
P - fission fragment excitation energy dlstnbutlon after y-1 neutron emission.
lZ) '_ fission fragment spin distribution
[\ - neutron width
4 rt- total neutron and radiation widths of fragment

YT ENTAZ)= /ry Sg(e*”:r”A 1 z)gj"r'e (©dE, )
F(E*3A7)= /ﬁf Vo (%5, 4, Z)T(ﬁ* ENdEr )
where

- the fragment level density
rr@ T neutron and gamma transmission coefficients.
v

where
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In assuming the isotropic neutron emission the laboratory system PFN spectrum will be described
as: X% .

PELAZE)=T N A,Z)/[/((é-E_g)/Z]ole,, ©)
where B-

E \, - heutron kinetic laboratory system (LS) energy,

By - (B2 1 El2/A%), ™

Es ~Ec /A ®)

To obtain the total PFN spectrum from (A,Z) -fragment it is necessary to average spectrum (6) on

the fragment kinetic energy distribution . Thus the spectrum of the first cascade neutron is
expressed as * -
Emax . N T (E™ JE*
n'V:1 (E’;A/Z;EK>= S PO(E)A)Z)é:w(E’J’A’ ) r't(E*)+ I"t(e*) %
B.te n rd

where

Bh - neutron binding energy, —%
Po - the initial fragment excitation energy distribution with parameters € 'and & o .

The value of \{mxxs determined byE . The fragment excitation energy distribution after 1-st neutron
emission can be calculated as ax

Eﬁaa;Bn
EETAA,ZE)= SE(Ef,A,Z)"F(E:‘Etbn>E§»A'Z)dEZ- (10)
E*+8,(A-,2)

The excitation energy distributions at higher stages of evaporation cascade can be calculated by
similar way. The neutron multiplicity distribution W (¥ ) was determined as shown in [8]. To obtain
the integral PFN spectrum for fissioning nucleus ( A , ;Zc ) with excitation energy E: the LS
neutron spectra from individual fragments must be summarized

N (En,AC)Zc,E*) = V(A Z Ac,Z EX) dN ("EMA’Z)/J By 4

where AZ

Y - independent yield of fission fragment.
The PFN multiplicity distribution P(V) for the fissioning nucleus ( AC, Zc> is formed by the same
manner.
The statistical model code “SCOFIN™ was used systematically in our PFN spectra calculations [10].
In the code were taken into account the level density dependence on fragment excitation energy, the
fragment spin influence effect, n-y competition. The next input data have been used: the average
CMS neutron kinetic energies, data on dispersion of the initial excitation energy distribution, and
data on average PFN number. The above input data allowed us to calculate the initial average
excitation energies of fragments. Because of the experimental information on fission fragment
characteristics for spontaneous fission of **Cm, ***Cm are absent the need of model calculation of
was occurred. To solve this problem we use the two-spheroid model [2,11,12]. The average
fragment excitation energy is determined in the model as
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E*(AZ)= B, (A, D)+ Esch 2, a2)

where
Eie § fragment deformation energy,
- fragment excitation energy at scission point.
The fragment deformation energy is described

Efeg (AZ)=0b (b-RJ), (13)

where 1/3
R = OA ’

b is one half of long axi s of spheroid,
o - fragment deformability connected with fragment rigidity C by expression

2
C=05/@eNIxk, . (14)
Parameter o is determined [13] by
& (A,Z)=d LDM (k- sW)/(kaSW' (15)

where
8W - the fragment shell correction ot the scission point,
o pm - liquid drop model [14] parameter, namely

ot py= (0-16m/r2 )@, (4= < ((A= -22)/n)- de, z/]

(16)
\<= 8,0 MeV,
a,=18.56 MeV,
k=179, (17)
C,=0.717 MeV.

The length of spheroid axis was found under condition of minimymof potential energy F of
fissioning system:

a\?,_o 'aF'zo

— e 18
b, ' 3b, )
where
| 3 =Vcoul + Edef1+ Edefz’ (19)
an 2
o= (ZiZ22)/( by+b,+d). o)
Here

@ - electron charge,
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d - initial distance between fragments formed.
So, the equation system (10) will be

~Z,Z,€/ (bytby+d )P+ 2, (bRo, )+ %—?—‘ Cl’i_ R%)e =)
1

3y
- z 2 , o 2
7,252/ ( byt by+d) 4 204 (b, - R, )+ '51?2 (b,- Roz) =0,
2
Under assumption on small deformations of fragments the above system will be
. 2 2
~Z,2,€/(bytbhytd) + 20 (b,- Ry,) =0 -

-2, 2,8 /(b by +d)P w200 (b R)) =0

The solution of above system gives the fragment deformations. It is necessary to take into account
the dependence of §Won scission point temperature of fragment. In accordance with [15] this
dependence was use/in the form

SW(ES,)=SW: ¥ [Q%(JE)/S\AZ (t)3, 23)
where
-l "
t=[21r2/41.A g 1 (E:c, /a) f (24)

*
It was supposed that both fragments temperatures are equal. The energy Esc of fissioning nucleus
which includéthe dissipative energy E dige [16] is devided between the fission fragments according
to [12] as:

* ¥

The calculatiomf was performed in accordance with [12,16]. The solution of equation
system (22) permits taking into account (13) and (23), (24) to calculate the deformation energy for
each of additional fragments. The next step is the calculation E'(A,Z) of fragment excitation
energies.The dispersion of excitation energy distributions for each of additional fragments is
calculated with use of dispersions of average kinetic energies of fragment pairs as was described in
[10].

Calculations.
descr:fed

On the bases of approa%fﬁ‘/tiFPFN spectra for spontaneous fission of ***Cm, 2**Cm have been
calculated. The total average number of neutrons v, emitted was also calculated for both of the
nuclei. The data on shell corrections used in the calculation were determined by interpolation of
shell corrections of 2*2Cf fission and of thermal neutron-induced fission of *°*U [11,12]. The
dissipative energy value was taken from ref. [16]. For ry was taken 1.3 Fm and distance d=2 Fm.
The average kinetic energies of fission fragment pairs were taken for spontaneous fission of ***Cm
from ref. [17] and for spontaneous fission of **Cm from ref.[18], the independent yields for the
case of *"'Cm were taken from ref.[19] and for 2*Cm from ref. [18]. The level density of excited
fragments was calculated on the bases of Fermi-gas model in accordawe ref. [20]. As the optical
potential was used the Beccetti-Greenlees potential [21]. with

— 183 —



JAERI—Conf 97-001

Results.

The calculated PFN spectra for spontaneous fission of **Cm and ***Cm are presented in Fig.1,
Fig.2 consequently. The spectra wer¢ presented as a ratio to the PFN spectrum of B20f spontaneous
fission. The last one was also calculated in the frame of the approach described above with use of
average fragment kinetic energies and independent yields taken from [22] and [18] accordingly.
The spectra under analysis were calculated for two values of initial average spin: J=0 and J=6+8h.
The calculations have shown that increasing of fragment average spin leadsto 3%-decreasing of
average spectrum energy. It can be seen the satisfactory agreement between theoretical and
experimental results. The comparison of calculated and experimentally measured values of total
average neutron numbers Bmﬁ good criteria of validity of the model used for the PFN spectra
calculation. The now available experimental data on Vv, for #Cm are from 2.61 £ 0.13
[23] to 2.84+0.09 [25] and from 2.86+0.06 [26] to 3.20+0.22 [28] for **Cm. The following
calculated values ( 2.746 for ***Cm and 2.927 for ***Cm) were obtained in present work. In Fig.3
the calculated and experimentally measured [26] PFN multiplicity distributions for spontaneous
fission of ***Cm are presented. The compared results show the satisfactory agreement.
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Fig. 1.Resulting ratio of 244Cm to252Cf neutron spectra. The solid line indicates the results
of experimental points fitting to the function R(E, Te)=(Tem/Te) > 2exp(-E(1/Tm=1/Te)),
Tc1.42 MeV. he value of the parameter T, obtainned by least-squares method was

equal to 1.373 MeV (0.005) with Chi?=0.93 per degree of freedom.
he dashed line - the statistical model caculation (initial fragment spin J=0).
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Ratio of 246Cm to 252Cf

Energy, MeV

Fig.2. Resulting ratio of 26Cm to 2%2Cf neutron specta. The solid line indicates the result of
experimental points fitting to the function

R(EnTem)=(Tem/Ten 2exp(-E fTentEd/Ter) To=1.42 MeV
The value of the parameter T, obtained by least-squares method was equal to 1.380 (0.002) MeV

with Chi? = 1,28 per degree of freedom.

The dashed line presents the statistical model calculation. The value of average initial fragment spin
J=0 h.
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Number of neutrons emitted

FigB Calculated multiplicity of neutrons in spontaneous fission
of 26Cm ( x ). Experimental points of [18] presented by solid circles.
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2.3 The Measurement of Prompt Neutron Spectrum in
Spontaneous Fission of 244Cm

O.1. Batenkov, G.S. Boykov, , L.V. Drapchinsky,
M.Ju. Majorov, V.A. Trenkin
V.G. Khlopin Radium Institute
2nd Murinski Avenue 28, Saint Petersburg, Russia

Abstract

Under the Program of Measurements of Prompt Fission Neutron Spectra
of Minor Actinides for Transmutation Purposes the integral neutron spectrum in
spontaneous fission of 244Cm has been measured by the time-of-flight method in
the energy range of 0.1-15 MeV relative to the standard neutron spectrum in
252Cf spontaneous fission. Essential attention was paid to revealing of possible
systematic errors. It is shown, that the 244Cm spectrum shape may be well
described by using Mannhart evaluation with appropriate parameter of Maxwell
temperature Tp=1.37 MeV.

1. Introduction

The data on energy spectra and the number of neutrons in minor actinide
fission are required to work out the transmutation conception using actinide
burner reactors. Neutron spectrum measurements in spontaneous and neutron-
induced fission of the actinides take a lot of time and efforts. At present those
measurements cannot be done at all for a whole number of nuclides. Therefore,
it is necessary to carry out the measurements of the fission neutron spectra with
an accuracy as high as possible and to create the systematics on the basis of all
the measurements available. Those systematics will make it possible to give high
accurate predictions for the fission neutron energy spectra of all minor actinides
required for reactor transmutation.

The goal of present work is the measurements of prompt neutron
spectrum (PNS) from spontaneous fission of 244Cm in the energy range 0.1-15
MeV and determination of average neutron spectrum energy with accuracy
better than 2 %. These data are necessary in design process for calculation of
the optimum reactor parameters, because the own neutron field of the spent
fuel generated mainly by spontaneous fission of Cm isotopes must be taken into
account in calculations.
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In order to solve this task the time-of-flight (TOF) neutron spectrometer
measuring the spectrum under investigation with respect to international
standard PNS of 252Cf has been designed and built at the V.G. Khlopin Radium
Institute. The method of relative measurement is in some preferences to
absolute one due to the fact that both spectra are measured simultaneously and
in our version of experiment some uncertainties connected with a time
instability of apparatus could be excluded. Besides that there is no need to
measure the absolute efficiency of neutron detection and to skip of neutron
spectrum distortions caused by background from (n,y)-reactions and neutron
scattering on the walls of room, on structural materials of experimental set-up.

To obtain the PNS of 244Cm the experimentally measured ratio R(E)
must be multiplied on evaluation [1] of PNS of 252Cf.

Cm cr
dN (E) =R(E)_dNeval(E)
dE dE

Then the average value of neutron spectrum energy can be determined as
follows

— Cm
E=jE—————dN (£) ig
dE

2. Experimental Arrangement

2.1. Neutron sources

The sources of Cm and Cf were prepared by thermal evaporation in
vacuum and their nonuniformity was no worse than 10% in both cases. To
improve the collection of charges targets were covered with a thin (30
mkg,/cm?) layer of Au. The mass-spectrometric analysis made before
preparation of sources shows the next contents of initial materials both for Cm

and Cf (see Table 1).

Table 1
The properties of source materials

Source Cf: weight - 0.002 pg
thickness - 0.0015 ug/cm?

gold cover - 30 pg/cm?

fission /s - 1255

a-activity - 3.69-104 o /s

Backing - stainless steel d=0.1 mm thick

Content, % fission /s n/s
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252Cf - 73.17 1245 4669
251Cf - 5.49 -
250Cf - 12.09 10 36
41CF - 9.21 -

244Cm < 0.007 --

Source Cm: weight - 51 pg
thickness - 39 pg,/cm?
gold cover - 30 pg/cm?
fission /s - 205
a-activity - 1.53-108 a/s
Backing - stainless steel d=0.1 mm

Content, % fission /s n/s
244Cm - 791 187 505
245Cm - 12.6 --

246Cm - 7.9 18 52
27Cm - 0.4 --

248Cm - 0.1 < 0.5

Contribution of 248Cm isotope to the neutron field of source results in
negligible correction to the average neutron energy in 244Cm spontaneous fission
since the parameters of neutron spectra in both 246Cm and 244Cm fission are
very close.

2.2. Fission Fragment Detectors

The main problem in design of fission fragment detector involved by
extremely high alpha-activity of 244Cm (108 alpha-particles per fission event).
The desired statistic accuracy of prompt fission neutron spectra measurements
can be achieved by the high activity - more than 108 Bq - Cm source
application. For such counting rates the time interval between alpha-particles
will be about 15 ns that is comparable with pulse length. The above
circumstance leads to an increase of pile-up effect and, respectively, the
separation between alpha-particles and fission fragments becomes worse.

The shortening of pulse length is one of method to reduce the pile-up
effect. The rate of pile-ups N(n) can be estimated as follows

n-1
re ()

N = Tt 1)

-exp(=ry0)

where:
ng - number of alpha-decays
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n - number of pile-ups
t - pulse length

If the source intensity is about 150 MBq the rate of 15-fold  pile-ups
will make up to 1000 per second.

Proceeding from conditions of this experiment an ionization current pulse
chamber (IC) was chosen as the fission fragment detector. This type of
detectors has a good time resolution, small own mass, is very stable in
exploitation and can be manufactured easily. In our case the variant of
parallel plate IC was not suitable for the work owing to bad separation between
alpha-particles and fission fragments even at the anode to cathode distance of
imm. We designed and made the IC with hemispherical cathode and anode that
permits to limit the alpha-particle ranges. The schematic drawing of IC is
shown in Fig.1. The distance between electrodes was chosen 2mm due to the
optimum “signal to noise” ratio and, respectively, the best own time resolution
of IC. The largest range in the IC is determined by the expression

(Lypax/d)? = (Rtr) /(R-1)
where:
R and r are the radii of anode and cathode respectively,
d is the distance between electrodes

In our case the optimum values were found to be R=10 mm and
Liax/d=3.

The body of the chamber and target backing were made of 0.1 stainless
steel, the gross weight of chamber was no more than 2 g. Two identical
chambers for Cm and Cf have been made. The characteristics of the chambers
are compiled in Table 2.

Table 2
The characteristics of ionization fission chambers used in present work
Rise time, | Pulse length, | Intrinsic Gas | Voltage | Fragment detection
nc nc time \Y efficiency, %
resolution Ccf Cm
nc
2.5 25 0.4 air 1800 99.9 99.3

The fission fragment amplitude distributions are shown in Fig.2. Arrows
indicate the working thresholds. A part of undetected fission fragments was
defined using extrapolation of left slope of amplitude distributions to zero and the
fragment detection efficiency was determined (see Table 2, last column) as the
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ratio of the number of the fragment detected above the threshold to the total
estimated number of fragments .

2.3. Neutron Detectors

The detectors based on NE213 liquid and stilbene monocrystal scintillators
widely used in neutron TOF measurements due to their fast timing properties and
high efficiency were applied in the present experiment. The characteristics of
detectors are presented in Table 3.

Table 3. Neutron detectors

Intrinsic time Energy
Detector resolution, threshold,

ns MeV
NE213 | @125x50 mm? R1250 1.29 0.2
Stilbene
crystal @50x50 mm? FEU-30 1.03 0.1
Stilbene

2 -

crystal @50x20 mm FEU-30 0.81 0.05

In order to achieve the optimum parameters of neutron detectors the
deviders were adjusted especially for each photomultiplier (PM). To reduce the
background of low energy gammas the neutron detectors were surrounded with
lead 2 mm in thick.

2.4. Electronics Block-Scheme

The main feature of the experimental set-up (see Fig.3) is that common
Time to Pulse Height (TPHC) and Amplitude to Digital (ADC) Converters were
used for all of four timing channels. Thus, time drift and different kinds of
nonliaboutities of TPHC and ADC for all channels will be the same and their
influence on the measured ratio R(E) will be significantly decreased. Pulse shape
analysis using fast and slow components of the anode pulses of PM's has been
carried out to separate neutrons and gamma-quanta. The coefficient of y-
suppression was about 102 for the neutron registration threshold 100 keV. Instead
of the traditionally used constant fraction discriminators we used usual
discriminators with fixed thresholds and time-amplitude compensation was carried
out during data processing as will be described later. In order to perform the
additional sorting of experimental data the so called “event register” module was
used.

The logical scheme of spectrometer was the following . The event flag was
formed when TPHC is active. Each ADC as well as Event Register was strobed by
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“True-Stop” signal from TPHC. Then data digitized are accumulated by IBM PC
and recorded on a hard disk. Thus each event is characterized by four parameters:
fission fragment amplitude (Cm or Cf), fast and slow components of scintillation
(1-st or 2-nd neutron detector) and neutron time of flight.

3. Measurements

The neutron spectra have been measured at 3 different flight paths and at
angles 0° and 90° versus fission chamber axis. The geometry of measurements is
shown in Fig. 4. The information about experimental conditions is presented in
Table 6.

Table 6. The experimental conditions and characteristics of measurements

Flight Neutron Energy Time n/y- Total number of
path, detector range, resolution, |rejection neutrons
cm MeV ns Cm Cf
35 Stilbene 0.05 0.9 100 1.6 10% | 1.27 -10°
76 Stilbene 0.2 1.1 100 | 5.0 10* | 5.80-10°
150 NE-213 0.4 1.35 100 | 1.210% | 1.00-10°

4. Data Acquisition System and Data Processing

The software served the experiment was written in Turbo Pascal as
Windows 3.x application. It contains the CAMAC- libraries adopted to the various
CAMAC controller types and has all common features of modern data acquisition
systems like real-time data monitoring, one or 2D histogramming and various filter
functions. All data accumulated can be visualized at on-line analysis. The general
control of the setup in operation is performed by the analysis of mean count rate
in each channel. It is also possible to store the experimental data event-by-event.

The data processing was performed at off-line analysis using the specially
developed program. In Fig. 5 the data processing is depicted. Fast and slow
components of neutron detector were analyzed to separate neutrons and gammas.
Fast and slow components as 2D plot are presented in Fig. The dashed line
denotes the boundary between neutrons and gammas.

The neutron time pick-off (time to amplitude correction) has been done by
use of leading-edge triggering, but the time of the neutrons flight was software
corrected on the Start (neutron detector) and Stop(fission chamber) amplitudes to
reduce pulse-height dependent walk. Time to amplitude correction function was
determined from 2D plot (Amplitude of fast component versus TOF). Result of

- 163—



JAERI—Conf 97—001

this procedure is illustrated by Fig.7b. as a widths of gamma peak before and after
the correction.

High precision measurements of the neutron spectrum are sensitive to the
background. High and low time variable thresholds were used to reduce the
contribution of (n,n’y) reaction, neutrons and gammas scattered by air, walls and
fragment detector vicinity as shown in Fig.7a. Only events being inside the area
limited by thresholds were accepted.

Both Cm and Cf time-of-flight neutron spectra corrected to time-amplitude
dependencies and accepted by dynamical thresholds were transformed to
laboratory neutron energy scale. Thus a ratio R(E) of neutron of spectrum in
spontaneous fission of 244Cm to 252Cf one was obtained (see Fig.8). The final ratio
R(E) was obtained by integrating of ratios measured at a various experimental
conditions with statistic weights and intrinsic reliability of ratios in given energy
range. The resulting ratio is shown in Fig. 9. both in liabout (up) and logarithmic
(down) scales.

J. Error Estimation

In the time-of-flight measurements there are two groups of uncertainties:
errors in determination of the neutron time of flight and value of neutron spectrum
for given time of flight. Separate consideration of the above is presented below.

1. Uncertainties of neutron energy
The neutron time of flight is defined as follows

t=(N,—N").r+é

where N, - gamma peak position,
N, - neutron channel number,

1 - time channel width (0.0535 ns),
L - flight path,

then errors of t and E are

8't=6"(N,~N,)- ' +(N, -N,)-8r+8°L/c’

(GE/E) =4-((&t/1)* + (6L / L)*)
uncertainty of channel width 8t = 2.5-104 ns,
uncertainty of the gamma peak position 8(N,N,)t = 1.41.1 = 0.075 ns,
uncertainty of flight path 8L = 5 mm.

3E/E was from 0.5 to 2 % in the energy range of measurement.

2. Svstematic and statistic uncertainties of spectrum

(8N,y)" = (ON,)" + (8N ) + (BN ) +(SN,,)’
ONst - statistic error (change from 0.8 to 18 % )
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SN pan - €rror Mannhart evaluation ( 1.2 -9.2 % )

8N gyfr - differential nonliaboutity ( 0.05 % )

6N, - error of time resolution correction ( < 1 % )

ONot/N was from 2.4 to 20 % in the energy range of measurement.

3. The average neutron energy error

GE/E) =Y (E*-6N},(E)+ N*(E)-2-6E*)= 1.3 %

6. Conclusion

In Fig.10. the results of measurements of prompt neutron spectrum in 244Cm
spontaneous fission is presented as the ratio of PNS to appropriate Maxwell
distribution with parameter of temperature of 1.373 MeV. Solid line denotes the
Mannhart evaluation of PNS in 2Cf SF divided by Maxwellian with temperature
of 1.42 MeV.

The average energy of neutron spectrum in the 244Cm spontaneous fission was
found to be

E =2055+0027 MeV

where the uncertainty includes both statistic and systematic uncertainties (one
standard deviation).
The result obtained well agrees with previous measurements [2-4].
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1cm.

Stainless steel 0.1 mm

Isolator
Layer of 244Cm or 25QCf
-
Rise time 2.5ns
Signal time width 25ns
Intrinsic time resolution 0.4 ns
Work gas air
High voltage 1800 V
Weight 2gr
Fragment detection efficiency 252¢¢ 99.9%
2440m 99.3%
\

Fig.1 Fission chamber
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Fig. 2 Apparatus amplitude distributions from Cf and Cm ionization chambers.
Arrows show the thresholds used in the measurements.
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Experimental Geometry

Cf chamber

Flight base

Neutron detector

Cm chamber

@® The wall nearest to neutron detector is 2.7 m. distant

® The volume of experimental room - 112 m3

Experimental Conditions

Flight Neutron
base, cm detector

35 Stilbene
76 Stilbene
150 NE-213

Energy
range, MeV

0.1-3
0.3-7
0.5-15

Time N-Y Total number
resolution, ns  Discrimination of neutrons detected
2440m 252 cf
5 6
0.9 100 1.6 10 1.27 10
0.9 100 5010 5.8010°
1.35 100 1.210°  1.0010°

The measurements were carried out by runs.

The Cm and Cf chambers were changed with each other after each run.

The time of each run was about 5 hours.

The total number of runs were 617.

The instability of gamma-peak positon was not more than 3 channels per 24 hours.

Fig.4 Experimental Conditions and Geometry
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~
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Spectrum Spectrum Spectrum Spectrum Spectrum Spectrum Spectrum Spectrum

C

Summing Up the Experimental Runs and Gamma

C

Time Resolution Correction

C
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Total Error,

Average Spectra Energy

Fig.5 Data Processing
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Fig.10 Ratio of integral prompt neutron spectrum of 244Cm spontanneous fission to
the Maxwell with temperature of 1.373 MeV.
The line present the ratio of Mannhart evaluation of 252Cf neutron spectrum.
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3. 1 Fission Cross Section Measurements for Minor Actinides

B. Fursov
Institute of Physics and Power Engineering,

Obninsk, Russia

Abstract

The main task of this work is the measurement of fast neutron induced
fission cross section for minor actinides of 238Py, 242mAm,
243,244,245,246,247,248C 1 The task of the work is to increase the accuracy of
data in MeV energy region. Basic experimental method, fissile samples,
fission detectors and electronics, track detectors, alpha counting, neutron
generation, fission rate measurement, corrections to the data and error

analysis are presented in this paper. (Editor)
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'FISSION CROSS SECTION MEASUREMENTS FOR MINOR ACTINIDES
Direction-1 ( group leader B.Fursov)

I. INTRODUCTION

The main task of the ISTC Project # 304 for D-1 group is the measurement of fast
neutron induced fission cross sections for the following set of minor actinides: 233Pu,
242mAm, 243244245246.247.248Cm. The problem of minor actinides transmutation requires
data of higher accuracy. Though high accuracy data for 242mAm and 24°Cm are available
, the disagreements between different experimental data sets still exist. The situation is
more difficult for other isotopes. Most of Cm isotopes have short half-lives of alpha-
decay or (and) spontaneous fission and therefore the task to measure fission cross
sections with good accuracy is very difficult. More detailed data were obtained in USA
and USSR using nuclear explosions as the neutron sources, but the accuracy of this data
is relatively low. The task of present work is to increase the accuracy of data in MeV-

energy region.

[1. THE BASIC EXPERIMENTAL METHOD

The idealised form of present experimental method involves placing two
monoisotopic samples with accurately known masses in the same monoenergetic neutron
flux and measuring their relative fission rates with perfect detectors. Then

R(E) _N, o,(E)

F(E) N, o/(E)
where subscript 1 refers to the reference isotope, 2 to the unknown isotope, F is the
fission rate, N is the number of sample atoms, and o is the fission cross section at
neutron energy E.

In practical measurements the samples are not isotopically pure and their
composition and the ratio of their masses need to be accurately known. They are placed
back-to-back near a localised neutron source and perpendicular to the direction of most
of the neutrons. The neutron flux coming primarily from the source is not
monoenergetic, although its principal component does have a narrow energy spread.
The flux through the two samples is not quite the same due to geometry and
transmission effects, and fission rate depends on the order of the sample placement. The
observed fission rate ratio due to neutron impinging directly to the sample is

Fy(E)~B,(E)+B, _N, 0,(E) G, T, L (E) S,(E) C,(E)
F,(E)-B,(E)+B, N, 0,(E) G, L,(E) S4(E) C,(E)

where X - Refers to the unknown sample (Cm)

r- Refers to the reference sample (239Pu)

B.,Br - The background corrections

Bx,Br - Corrections for fissions lying below discriminator level

f- Refers to the sample in the forward position

b- Refers to the sample in the backward position

Gr Gy - Geometry factors. In the measurements where sample diameters
are equal, they are associated with their position only.
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Te- Neutron transmission coefficient for the sample support plates. Ty is
always 1.0
Lqs,Leb - Correction factors for sample thickness, momentum transfer and fission
fragment angular distributions.
Sxr,Sep - Correction factors for neutrons scattered by the fission detector and the
neutron source structure
Cx.C: - Correction factor for the minor isotopes.

III. THE FISSILE SAMPLES

235 is ordinary used as a reference sample, because fission cross section of 235U is
standard in the energy range higher than 100 keV. But we used 2Pu as a reference
sample. The reasons were as follows. The more accurate method for measurement of the
sample masses ratio is a-particle counting, because half-lives and spectra of «-particles
for most minor actinides are well known. The half-life and spectrum of a-particles for
139Pu are more suitable in comparison with 235U). The fission cross section of 23%Pu in the
wide energy range is known with accuracy ~ 2%.

Sample preparation and assay is a crucial part of the experiment. The fissile
sample material was twice electromagnetically separated at Arzamas. The samples used
in the measurement, their isotopic analyses and their weights are listed in Tables 1,2,3.
The fissile layers were prepared by multiple “painting” of organic solvent on the surface
of thin (0.1 mm) Al backing and heating during 30 minutes to the temperature 570°C.
After polishing the cycle was repeated 30-50 times. Through step by step heating the
samples were converted into dioxides. All fissile samples have a diameter 6 mm, the
backings diameter is 20 mm.

Table I. Isotopic analysis of 29Pu samples (atomic percent)

Mass 239Pu Z40Pu 24[Pu 242Pu Z‘H'Pu
239Pu | 55-150 pg | 99.9966 (2.41i0.04)*10‘3 (1.35£0.04)*10-3 | 1.2*105 | 4.9*10¢

Table 2. Isotopic analysis of 2#2mAm sample (atomic percent)

MaSS 241 Am 242mAm 243Am
HImAm 38 ug 13.870+0.086 85.616 0.514+0.04

Table 3. Isotopic analysis of Cm samples (atomic percent)

Mass 242Cm 243Cm 244Cm 245Cm 246Cm 247Cm ZJSCm
2HCm | 18pg - - 99.82 | 0.15£005| 0.02+001 | <2*103 |<I*10%
25Cm | 84,4ng - 17%10° | (@451% | 99.9925 293t [*105 | 5%107

0.04)* 103 0.02)*10-
3%6Cm | 27ng | 1467107 |(3.180.6)* | (1.17% |(8.33£0.68)| 99.8326  |(2.50£0.15)| -
105 | 0.40)*103 | *103 [0
2Cm | 1,65pg | 6.66710% | 0486+ | 2.619% | 0.084% | 5.139£0.045 | 90316 |1.355%
0.005 0.361 0.003 0.009
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V. THE FISSION DETECTOR AND ELECTRONICS

The fission detector, shown schematically in Fig.l, is a low-mass double-
ionisation chamber with the fissile layers (samples) mounted on both sides of the
common cathode. The chamber walls were 0.4 mm thick, the container diameter is 80
mm, length 120 mm. The ionisation chamber was covered by cadmium 0,5 mm thick.
Two pairs of fissile samples can be inserted inside the container and two fission cross
section ratios can be measured in one experiment (for example 292Am/?*¥Pu +
MICm/29Pu, 2Cm/23%Pu * 246Cm/2%Pu). The distance between the neutron target and
central electrode for the first pair of samples was 9 mm, for the second pair the distance
was 13 mm. The ionisation chamber was filled by gas mixture Ar + 10% CO; under
pressure 1.8 atm. Most measurements were made with cathode-anode separation 1.5
mm. Voltage gradients were maintained at 1500 volts/cm*atm. The fast rise of the ion
chamber current pulse was used to provide good timing characteristics (time resolution
was about 3 nsec) and the height of the current pulse was a measure of the electron
charge produced in the active volume. Good separation between the alphas and fissions
was obtained by keeping the pulse widths small until the pileup alphas were removed by
bias levels (Fig.2).

The electronic systems were the same for four channels of ionisation chamber
(Fig.3). Signals from anodes went to charge sensitive preamplifiers, which were capable
of fast rise-time, then to fast amplifiers. The amplifier outputs were divided and one part
triggered fast leading-edge discriminators which provided the start signals for the time-
to-pulse-height converters. The stop signal came from a beam-pulse sensor (pick-up
electrode) located near the accelerator target. The other part of the clipping amplifier
output went to a biased amplifier where the bias levels could be set to reject a large
fraction of the alphas and then to a stretcher. The four time signals and the four pulse
height signals were routed into separate mixers and sent to the data storage computer
along with tags identifying the detector.

V. THE TRACK DETECTORS

The fission fragment registration efficiency of fast ionisation chamber was 92-97%
for 23%Pu and Cm isotopes, but for #2mAm the efficiency was only 85%. To check the
correctness of this value we provide additional fission cross section radio measurement
for 22mAm, 243Cm, 247Cm by solid track detectors. The track detectors ( mica for
#7Cm, cylindrical silicon glass for 2mAm and *Cm) have well-known fission fragment
registration efficiency (it depends on geometry factors only). The pairs of fissile samples
and track detectors were irradiated by fast neutrons with energies 0.13, 0.5, 1.0, 4.0, 5.0
MeV as shown in Fig.4. The track numbers were counted under microscope. The results
of ionisation chamber and track detectors are in agreement in a limit of statistical errors.

VI. ALPHA COUNTING.

The alpha counting for mass determination was done in “high” geometry alpha
counter that was constructed to provide well determined geometry factors (Fig.5). The
alphas were detected by silicon detector with a resolution of ~20 keV. The alpha
counting ratios for unknown and standard (Pu ) samples were constant for different
distance between sample and detector and for different azimuthal orientation of samples.
The specific activity of the sample was calculated from the isotopic analyses and the
half-lives. The mass ratio of samples was then determined by alpha counting.
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VII. NEUTRON GENERATION

The measurements were conducted at KI'-2,5 and EG-1 accelerators (IPPE).
Direct current was used for 242mAm, 245.247Cm, and pulsed (2 MHz) current (EG-1) was
used for 244.24%6Cm. The monoenergetic neutron sources were Li(p,n), T(p,n), D(d,n) and
T(d,n) - reactions on solid targets. The energy is controlled by 90-deg. analysing magnet
and slit feedback that was calibrated by observing the threshold of the 7Li(p,n)’Be
reaction. The energy distributions of neutrons from the primary source reaction that
were incident on the samples were calculated from the incident particle energy, the
angular distribution of the source reaction, the target thickness and the source-sample
geometry. The dispersion of neutron energy was: + (20-30) keV for En<3 MeV and + (40-

80) keV for Ex>3 MeV.
VIII. FISSION RATE MEASUREMENT

As mentioned above we employed two modes of the fission rate measurement:
direct current for samples of low spontaneous fission (245Cm, 247Cm, 2#2mAm) and pulsed
current for 2+Cm, 246Cm.

In the first case we provided fission rates measurements “point-by-point” using
different reactions for neutron production. Every part of energy range was composed of
6-12 runs for each energy point. The spontaneous fission rates were measured in pauses
(the integral time of measurement was about 500 hours). The shares of spontaneous
fission were 5-10% for 2*2mAm and 15-40% for 247Cm. The rate of spontaneous fission of
245Cm was negligible due to the high enrichment of the sample (Tabl.3).

The parasitic neutrons generated in neutron target assembly (Mo + Ti) via (p,n)-
and (d,n)- reaction were measured by replacing the real targets with adequate deuterium-
and tritium-free templates. These measurements were performed 5-6 times for every
energy in the same manner as basic measurement with real neutron target (the same
integral charge of accelerated particles at every energy point, the same ‘“history” of
irradiating). The results of all runs were averaged. For the (p,n)-reaction the fission cross
section ratios were corrected less 1%, for (d,n)-reaction correction was from ~1% (E,=5
MeV) up to 3,8% (En=7,2 MeV).

Correction for fissions due to room returned neutrons was estimated as close to
zero (<0.1%) because the distance between sample and neutron target was very small.

The time of flight method ( pulse synchronisation method) was used in the fission
rate measurement of 2*Cm and 2*Cm. The experiment was performed using pulsed
neutron beam 2 MHz (4 MeV Van-der-Graaf EG 1). The neutron pulse width was about
2 nsec, the averaged current value ~ 8tA. The pulsed neutron beam was controlled with
TOF method using stilben scintillation detector, or lithium glass scintillation detector
placed on the axis of incident beam line about 3 m from the target. A BIF3 monitor was
used to check the stability of neutron generation.

The TOF technique using the fast timing fission chamber(3 nsec) provided a
good signal to background ratio. Fig.6 shows typical time spectrum for 246Cm (left) and
2Cm (right) at the E;,=1,26 MeV (top) and E,=0,65 MeV (bottom). The second peaks in
every part of Fig.6 correspond to 2°Pu fission events (the backgrounds are close to X-
-axis). As it is found from Fig.6 a peaks due to the fissions correlated with the pulse
beam is clearly separated from the time independent regions which consist of
background due to spontaneous fissions, pileup alpha particles and the fissions by room-
returned neutrons. The fissions induced by the parasitic neutrons were included in the
time depended region and were subtracted after providing a special experiment
mentioned above.
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The pulse height spectra were obtained simultaneously. In Fig.7, two pulse height
spectra for 2#Cm are shown; one include alpha-particles (left), the other one is fission
fragment signals only.

IV. CORRECTIONS TO THE DATA.

a). Extrapolation to zero bias.

The pulse height spectrum was inspected and cut-off point was selected in the flat region
between the alphas and the fission’s as illustrated in Fig. The spectrum was extended
horizontally to the zero channel. This correction depended on the thickness and
uniformity of the deposit. For most of the samples this correction was within the 3-5%,
but it increased up to 15% for a sample of 2#ZmAm.

b). Deposit Thickness, Momentum Transfer and Fission Fragment Distribution.
Self-absorption of fission fragment in the sample foil was estimated. The angular
distribution of fission fragment was assumed to be isotropic since the data were not
available. The thickness of the sample foil was obtained on the assumption the sample
was dioxide. The ranges used in the present measurement are: 6,5 mg/cm? for Pu, 7,0
mg/cm? for Am and 7,5 mg/cm? for Cm. The maximum correction was for E,=20 MeV:
MCm/B9Pu - 3,5%, 246Cm/239Pu -4,5%.

c). Isotopic Impurities.

This correction requires some knowledge of the energy dependent fission cross-section
for minor isotopes. The fission cross sections used were those in JENDL-3. For fairly
pure samples the minor isotopes are present in such small amounts that there is no need
to know cross sections very accurately. For the major isotopes an iterative procedure
was used where the fission cross section ratios obtained from one pass through the data
were used as input for another pass. This correction was significant for #’mAm sample
and *Cm (impurities of the daughter 2*Pu) in the region under threshold.

d). Scattered Neutrons.

Some rough estimation was made of fissions produced by neutrons scattered by target
assembly and the fission chamber. The principle (E,=!1 MeV) and multiple scattered
neutron energy spectrum are shown on Fig.8. This effect will be corrected by using the
Monte-Carlo MCNP code in the nearest future. The cross sections to be used will be the
ones FENDL. The typical correction can be expected about 1-2%, the maximum value in
subthreshold energy region of 2+#Cm, 2%Cm can reach 10%.

e). Attenuation of Incident Neutron Flux.

The unknown and standard samples are separated by two Al backing (0.1 mm) and
stainless steel electrode (0,1 mm). The attenuation of incident neutron flux due to this
material will be calculated later. The typical correction is expected to be less 1%.

X. ERRORS

The detail analysis of the errors will be provided after finishing an additional
measurements and consistent analysis of total set of experimental results for all Cm
isotopes. The systematic error sources are as follows.

- Sample mass ratios:

a). Half lives of alpha decay,

b). Alpha decay rate,

c). Detection efficiency of the alpha counter,

d). Isotopic analysis.

Most of the alpha counting measurements used the same geometry counter so the same
sources of error were eliminated. The statistical error was determined as the scatter of
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repeated measurements with different geometry factors. The typical statistical error was
less than 1% (0,4% for 2#Cm/239Pu, 0,3% for 2%Cm/?3%Pu).

- Extrapolation to zero pulse height (<1%).

- Thickness corrections (~0,5%0.

- Track detector counting statistics (0,5-1,5%).

- The attenuation of incident neutron flux due to electrode and backing material.

- The difference in solid angle between the forward and backward sample from the
neutron target.

All these errors must be included in the normalisation error.

The shape measurement errors are as follows:

- statistical error of fission counts by principle source ncutrons,

- statistical errors of spontaneous fissions,

- statistical errors fissions by parasitic neutrons,

- scattered neutron flux by the construction material of the target assembly and the
fission chamber,

- error in the corrections associated with angular dependence of source neutrons,

- error in the energy dependent correction associated with self-absorption fission
fragment.

The statistical error for 2¥.247Cm and 2#2mAm was about 1-1,5%. This value for 24#Cm
was [-2% in the plateau region and 15-30% under threshold. 2#Cm/239Pu samples were
loaded in ionisation chamber on the second place (distance 13 mm from target). As a
result the statistical error was 2,5-4% in plateau region and 20-32% under threshold.

XI. RESULTS

All presented results are preliminary ones. Some additional measurements and
calculations are in progress now and we hope the data accuracy will be improved. Data
for 24Cm, 2#7Cm and 2’mAm are being reprocessed, beginning with original fission rate
measurement, some additional measurements by track detectors are performed.

The results are shown in Fig.9-13. The ENDF/B-6 evaluation for 239Pu fission
cross section was used as a standard. The present results show, that JENDL-3
evaluation may be updated and the data accuracy will be improved.
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3. 2 Development of ionization technique for measurement of fast

neutron induced fission products yields of 237Np

A A. Goverdovski, V.A. Khryachkov, V.V. Ketlerov, V.F. Mit rofanov,
Yu.B. Ostapenko, N.N. Semenova, A.N. Fomichev, L.F. Rodina
Institute of Physics and Power Engineering,

Obninsk, Russia

Abstract

Twin gridded ionization chamber and corresponding software was
designed for measurements of masses, kinetic energies and nuclear charges
of fission fragments from fast neutron induced fission of 237Np. The
ionization detector design, electronics, data aquisition and processing

system and the test results are presented in this paper. (Editor)
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ISTC Project # 304
Annual report, direction D-2, , 1995-1996

Development of ionization technique for measurement
of fast neutron induced fission products yields of 237Np.

A.A.Goverdovski, V.A.Khryachkov, V.V.Ketlerov, V.F.Mitrofanov,
Yu.B.Ostapenko, N.N.Semenova, A.N.Fomichev, L.F.Rodina

Introduction.

37Np fast neutron induced fission cross-section is about | barn, therefore dealing
with neutron flux of 10% n/s, high geometry efficiency fission fragments detector is
needed. Frisch gridded ionization chamber was chosen for such a detector. It allows us
to determine fragment energy and mass (by 2E method) and nuclear charge (Bragg
spectroscopy). It is necessary to use thin spectroscopic target. The information on the
particle emission angle will allow us to make corrections in the observed energy for the
losses in the layer and the backing, the Frisch grid inefficiency effects and the pulse
height defect. The fragment masses will be then calculated by the 2E method. The
fragment charge will be determined by comparing the observed Bragg curve with a set
of experimental test curves obtained for the fragments with known charges (reference
data can be got for thermal neutron induced fission of 235U and spontaneous fission of
252Cf). The accuracy of the data on fragment emission angle and charge is strongly
affected by the Bragg curve measurement. The number of points on the Bragg curve is
defined by the cathode-grid and grid-anode distances ratio. Described chamber will
allow us to improve the accuracy of Bragg curve measurement 4 times in comparison
with the ordinary ones.

For our Np target in the beam of fast neutrons with energy 1-5 MeV, we expect
to obtain the following parameters: energy resolution of 1-2 MeV, mass resolution of
1.5-2 a.m.u., angular resolution of 0.06 units of cosine, and charge resolution better

than 1.5 elementary charges.

1. Jonization detector design.

The ionization chamber is a set of parallel plane electrodes. Negative high

voltage (2 kV) is applied to the cathode where a neptunium target is mounted (Fig.1).

—197—



JAERI—Conf 97—001

The grid is made of gilded tungsten of 30 um in a diameter with a spacing of 0.3 mm
and situated between the anode and the cathode. Anode-grid distance is 2 mm while
cathode-grid distance is 40 mm. The guard electrodes are needed for edge effect
minimization because of rather large detector working volume. The working gas is a
mixture of 90% of Ar and 10% of CHs4 under pressure of 0.65 atm. Experimental data
on pulse height defect (PHD) are available from heavy ion beams with energy typical
for fission fragments (about 1 MeV/a.m.u.). All electrodes and container were made

from stainless steel.

I1. Electronics.

Electronic circuit used in the work is shown in fig.2. The current signals from
ionization chamber come to inputs of charge-sensitive preamplifiers (CSP)
CANBERRA 2001A which integrate them on outputs. The standard CSPs with rise
time of 1=60-70 ns were improved to get t=15-20 ns. It’s much less than the integration
constant of the chamber (about 30 ns). All signals after CSPs are amplified by fast
spectroscopic amplifiers (FSA) CANBERRA 2111 with kamp=100. In this case
differentiation and integration constants were chosen to be zero. The signals after FSA
come to Quad Waveform Digitizer (QWD) Le Croy 2262 which gives digital codes with
time constant of 12.5 ns. The model 2262 is a high-speed plug-in waveform digitizer
providing high resolution, short record solutions to large scale waveform recording
requirements needed in fission fragments spectroscopy.

The cathode signal is amplified by CSP and FSA with integration time of 5 ns
and differentiation time of 20 ns. Short output signal comes to input of the Constant
Fraction Discriminator (CFD) ORTEC 473A. Output signal is delayed on 2-7 ps and is
used as a stop signal for QWD. All information is transformed to the host IBM-486
computer.

III. Fast acquisition and processing system.

Schematic view of the acquisition system can be found in fig.3. The system is
used for work with the digital units of CAMAC standard which convert signals from
the electrodes of the twin gridded ionization chamber. The system is assembly of the
computer codes performing three closely connected functions: testing of each
information channel in order to carry out correct adjustment of the experimental

equipment; acquisitioning and storing experimental data and preparing ones for further
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processing; processing of experimental data in "off line" mode or in "on line" mode
through the local computer net.

The testing computer code is multichannel analyzer of signals from the
amplitude-to-digit converter of CAMAC standard and an oscilloscope based on the
information from the wave-form digitizer of CAMAC standard. These computer codes
make possible to test and to adjust each channel of the multiparameter spectrometer
independently from each other.

The fast experimental data acquisition and storing system is the final component
of the multiparameter spectrometer. This computer code performs control of the
amplitude-to-digit converters and the wave-form digitizers through the CAMAC crate
controller, acquisition of the information from these units and analyzes it in order to
single out the real events connected with the physical process under investigation from
the continues flux of the background events. One of important functions of the system
is to show the data stored. It makes possible to control process and change the
experimental conditions if it needed. This computer code allows user to see both one-
dimensional and two-dimensional spectra on any logically connected couple of the
channels according to experimentalist’s wishes. The collected data are stored as
consequence of the events, that makes possible, during further processing, to take into
account systematic shifts of experimental conditions and process the data as assembly
of independent events instead of spectra, because of spectra themselves are processed
information.

The experimental data processing system allows us to correct data on the first
stage of processing relaying on the information from the different channels of the
multiparameter spectrometer in order to eliminate influence of systematic distortions.
On the second stage assembly of the independent events can be integrated on any
parameter with any conditions according to user’s wishes for determination of the

physical process under investigation.

IV. Generation of signals.

If the ionization track is oriented at the angle ® relative to the cathode normal
one electron moving between the electrodes of the chamber with velocity v- will induce

the negative charge on the anode with the following amplitude :

- ev. D - x*cos(0) ( X* cos(@))
* — =—¢ | - ———=

Q,=- D

= dn D v
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For all of electrons of the track charge signal will be:

0, = fotor(1- X2

where p(x) - ionization density along the track. If total amount of electrons is no, the
signal is:

- cos(®) f X
QA" = —ne+ D gx*p(x)dx = —noe*(l - BCOS(Q)j

R

where: X = J-Jx* p(x)dx,
o

In gridded ionization chamber (GIC) expressions for anode and cathode signals

can be written in following way:

QM = -ne
ch[ = noe*(l - B*cos(@))

where D is cathode-anode distance. Shapes of both signals determined experimentally
with QWD are shown in fig.4 in which angular dependence of cathode pulse height can
be seen. Each curve presented is for single a-particle of 252Cf. Time is in channels with
the width of 12.5 ns. It means that assumed rise time (approximately 700 ns for argon +

methane mixture) is correct.

Practically, any Frisch grid is not ideal hence two specific effects have to be
taken into account. There are so-called grid inefficiency (o) against to shielding of the
anode from electrons moving between the cathode and grid and electrons losses on the

grid (A). Therefore the real formula for the anode signal is:

P, ~n(1- /1)*[1 + a*(l - %cos(@))]

To eliminate the electron losses the following condition has to be reached:

Vow Vo Y(140) +20p
I/Grd _I/,»ln D(l_p)—ZIp
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Y - distance between the grid and the anode ; p = 27— r - wire radius; d- grid spacing.

QU

Parameter | is:

l= -d—(lpz - ln(p)j

27 \4

For the detector used the condition presented above is:

Kc.gf;KG_nL <060

VGrd_VAn

For the grid inefficiency ¢ one can be written:
*In| —
2xY 2ar

In practice grid inefficiency has to be determined experimentally. One obvious

o=

Calculated value is 6=0,028.

way is to do analysis of signal’s shapes using QWD. For fission fragments (332Cf) this
kind of information is presented in fig.5. The curves were obtained for single fragments.
For emission angle ®= 90° the rise time is very short and therefore grid inefficiency can
be observed very easy. Time T: in the figure insert corresponds to the moment when
first of electrons moving to the grid reached it. Fig.6 represents the analogous result
but for 30 events having the same parameters of energy and therefore ionization power

and emission angle. Fig.5 and 6 demonstrate the powerful method of signals analysis.

V. Determination of angular spectra.

Rise time of anode signal T, length of ionization track L, electron velocity v- and
emission angle are dependent from each other: T = L*cos(®)/ v- . Two-dimensional
data matrix (Ta~n - Tcar - Y) is presented in fig.7 for a-particles of 252Cf. The constant
level of yields can be seen in all region of time difference. It corresponds to isotropic
angular distribution. In the case of fission fragments we are dealing with much more
complicated situation when the energy spectrum is very broad and corresponds to very
different ionization powers in the gas. It can be seen in fig.8. Low energy part is due to
high energy losses scattering of the fission fragments on the target assembly. In fig.9 the
data matrix cos(®)-energy-yield is presented. Isotropic angular distributions are

observed again for any fragments kinetic energy like in the case of alpha-particles.
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Coincidence of the emission angles of two complementary fragments associated with a
single fission event gives the value of angular resolution (fig.10). Fig.11 shows the
integral angular spectrum of fission fragments of californium. Pronounced peak around
cos(®)=0° is the result of backscattering effects of the fragments in the radioactive
target. It is obvious that the last effect has to be taken into consideration in fission
fragments spectroscopy. In fig.11 a slop on the left side of the spectrum (cos(®)=0) is
much smaller relative to that one on the right side (cos(®)=1). It is due to much

different rise times and therefore time and angular resolution.

VI. Fission fragments mass and kinetic energy distributions.

After including of all corrections to the experimental charge signals masses of
primary fission fragments can be determined using well known and widely used two-
energy method (so-called 2E method). Results of this kind of procedure is shown in
fig.12. Very good resolution between heavy fragments and light ones can be seen in
figure. As a calibration constant the mean total kinetic energy of californium-252 was
used. Average energy of light group is 106 MeV. One-dimensional spectra are presented
in fig.13. All of parameters are in good agreement with reference ones well known in
literature. For example, peak-to-valley ratio in energy spectrum is approximately
2.7(0.1). To correct the data on relatively low energy losses in the target and in the
backing, the dependence of light fragments position on inverse cosine was determined.
These data are presented in fig.14. The bottom chamber is characterized by the
properties of the Al,O; backing and gold layer. For another part of GIC energy losses

are negligible .

VII. A spectrometric 23’Np target testing by an o-particles analysis.

Fission fragment vyields measurement was assumed to be made using
spectrometric twin gridded ionization chamber, therefore the neptunium target must be
low-active and relatively thin. The target was fabricated from enriched neptunium as
NpF. layer vacuum-evaporated onto Al;Os; backing of 40 pg/cm? thick. The surface
of the target was covered with pure gold to make the cathode electrically conductive.
Diameter of the target is 32 mm and diameter of the active spot is 20 mm. The

thickness, absolute a-activity and isotopic composition of the target were determined

by an a-analysis made with the same 4n gridded chamber which will be used for fission
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fragments yields investigations. The chamber was filled with the gas mixture of
Ar+10% CHs under pressure of 1.8 atm.

Two-dimensional analysis was used to suppress backgrounds. Anode amplitude
spectrum is presented in fig.15. The main part of the spectrum is associated with the
Z’Np a-line. Integration of events in corresponding area gave absolute activity and
resulting in the thickness of the target : 57.5 + 0.5 ug/cm?. Two additional a-lines can be
associated with very small contamination of 2¥Pu and 2*'Am (or 28Pu). The
experimental and reference a-particle energies and the isotopic composition of the
target are presented in the Table.

Conclusion.

The main task of the work presented above was to design twin gridded
ionization chamber and corresponding software for measurements of masses, Kinetic
energies and nuclear charges of fission fragments. It’s necessary to get detailed data on
chain and independent yields of fission products. Investigations have shown wide
perspectives of ionization technique in combination with high-quality nuclear

electronics and developed software.
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TABLE
Results of the target analysis.
a-Particle a-particle Number
Isotope energy, energy, of nuclei,
reference, experiment, Yo
keV keV
237Np 4788 4788 + 8 99.99+
23%Pu 5157 5152+ 10 6.1 £0.1E-3
XlAm 5486 5483+ 10 1.06 £ 0.01 E-4
//\\
N\
*ADC
. 1 ©
=a)
|7 <
)
= O
E
— =
PADC -
( 2
N

Fig.16. Scheme of the electronic setup.
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3. 3 Measurements of periods, relative abundances and absolute yields

of delayed neutrons from fast neutron induced fission of 237Np.

V. Piksaikine
Institute of Physics and Power Engineering,

Obninsk, Russia
Abstract

The experimental method for measurements of the delayed neutron
yields and period is presented. The preliminary results of the total yield,
relative abundances and periods are shown comparing with the previously

reported values. (Editor)

Measurements of periods , relative abundances
and absolute yields of delayed neutrons from
fast neutron induced fission of %"Np

Presented by V.Piksaikine
Institute of Physics and Power Engineering,
Obninsk ,Russia

Workshop on the Evaluation of Actinide Nuclear Data
and Measurements and Analysis of the Basic Nuclear
Data for Minor Actinide, Mito, Japan, 27-31 May, 1996
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1. Experimental method

An experimental set-up for measurements of the energy dependence of the total
delayed neutron yields and periods from fast neutron induced fission was put into
operation at the electrostatic accelerators of the IPPE. The experimental method
employed in the measurements is based on periodic irradiation of the fissionable
samples by neutrons generated from a suitable nuclear reaction at the accelerator target
and measurement of the decay of delayed neutron activity. The general expression for
such type measurement can be writen in the following form

Y=vg-F-e(xq) Tltye:{aiAi}]

where T - number of counts measured by the delayed neutron detector in a given time
interval after irradiation of the sample, v4(Es) - the energy dependence of the total
delayed neutrons, F(E,) - number of fissions in the sample, e(xd) - efficiency of the
neutron detector which takes into account a delayed neutron spectrum effect on the
detection, T - factor which takes into account the irradiation and counting times.

The developed method for measurement of the absolute delayed neutron yields
includes two different types of experiment. The first one consists of the measurements of
the delayed neutron relative yields and periods. In this type of experiment the
measurements with different irradiation and delayed neutron counting time intervals
are forseen to emphasize certain delayed neutron groups {ai, Ai}. For the second type
of experiment the experimental arrangement and measurement techniques were
designed to use the irradiation time of the fissile material which is long compared to the
longest delayed neutron period. In this case the above formula can be presented as

(2 a . —At —At
Ng=2N@O)=(e)- Fvg- 2 Ti-—(e " —e ™)
t1 i A
-nA T
-At n 427 l-—e na,
Ii=(-e " )(———e " -— )

where A; and o; - decay constant and relative yield of the i -th group of delayed
neutrons, t; and t; - time of the beginning and the end of delayed neutron counting, n -
number of cycles, T - duration of one cycle, which includes the irradiation and delayed
neutron counting time, <¢> - neutron detector efficiency which takes into account the
energy spectrum of delayed neutrons.

2. Neutron detector

The following specific features of the experiment on the delayed neutron yields
and half-lives measurements have been considered in the course of the detector design.
The detector should have minimum sensitivity to gamma rays since the Np-237sample
to be investigated is highly gamma active. The neutron detector efficiency should not
change considerably within 0 - 1.5 MeV energy range since the delayed neutron major
contribution happens to be within this energy range. The neutron detector should have
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small dead time since the delayed neutron counting rate varies by three orders of
magnitude within 100 seconds after irradiation of the sample.

The BF-3 counter of SNM-I1 type at the operational potential of 650 V in the
proportional mode operation was chosen as the main detector counting unit. The
manufactured detector is an assembly of 30 BF-3 counters distributed in polyethylene
moderator along three concentric circles with diameters of 106, 160 and 220 mm. The
outer diameter of moderator is 400 mm, its length is 300 mm. In the center of the
detector there is a through hole with diameter of 36 mm to install the sample flight tube.
The detector is shielded against the neutron background by borated polyethylene,
boron carbide powder and cadmium sheets. The delayed neutron detector used in the
present experiment is shown in Fig.1.

Fig.1. Delayed neutron detector.
1- cadmium sheet, 2- boron carbid powder, 3- boron plastic,
4- polythene, 5- 19BF; counters, 6- sample transporting hole.

The amplifiers and pulse discriminators for each BF-3 section have been manu-
factured. The output signals from these electronic channels are fed to a mixing module.
The test of the neutron detector showed that the detector is insensitive to gamma rays of
2 grams Np-237 sample. The neutron detector dead time measured with Cf-252
spontaneous fission neutron source is 2.3+ mcsec. The measurements was made to
obtain the dead time of the mixing module. With this purpose the neutron detector was
irradiated by the neutron flux from the $'V(p,n)’!Cr at different value of the ion
current. Total number of counts was registered from each of three electronics channels
and total number of counts from the output of the mixing module.

The neutron detector has a smooth efficiency response function for the energy
range which is typical for the delayed neutrons.

The above mentioned parameters of the detector meet the requirements in
measuring the delayed neutron yields and half-lives.
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3. Sample transfer system

The main requirements to be taken into account in desining a sample transfer
system were to minimize the sample delivery time and ensure against the highly
radioactive Np-237 sample against destruction.

The pneumatic transfer system has been constructed. It is capable to transport
the sample for the time short enough to measure the delayed neutron yields with the
shortest half-lives. Two electromagnetic valves are responsible for the sample
transportation route. The stainless steel tube with diameter of 10 mm and wall thickness
of 0.3 mm serves as a pneumatic flight guide. The final position of the sample in the
neutron detector is fixed by the plug with adjustable central hole which provides the
excessive pressure in front of the moving sample and smooths the contact between the
sample and the plug.

The information on the sample location is obtained from two photodiodes and
light sources installed on a flight tube at the sample irradiation position and the central
point of the neutron detector.

The times of sample transportation from the irradiation position to the neutron
detector during the test runs were from 300 msec to 500 msec depending on the weight
of the samples under investigation.

4. Data acquisition and processing system

The electronic modules for the data acquisition and processing system were
developed and constructed almost fully in the IPPE. A schematic diagram of general
electronics arrangement is shown in Fig.2 .

The system makes it possible to measure the following parameters: pulse height
distributions from two fission chambers located in front of and behind the sample at the
irradiation position, time dependence of the neutron flux from the target, time
dependence of the ion current on the target, and the time dependence of the delayed
neutron activity from the irradiated sample.

The personal computer of the IBM type serves as a central processor controlling
the irradiation time, the value of neutron flux at discrete time intervals, the number
and width of the time channels for the delayed neutron counting.

The personal computer controls also the operation of the pneumatic transport
system and the accelerator mode switches.

The experimental data are stored on the hard disc of the computer. Software for
the data acquisition and processing system was written in the PASCAL language.

—222—



JAERI—Conf 97—-001

X

P

10

SV e/
: ] O] AT
IR e e e e

Fig.2. Schematic diagram of the general experimental arrangement
and data acquisition and processing system.
P- preamplifier, A- amplifier, D- discriminator, TA- time analyser,
SC- scaler, F1 and F2- fission chambers, VI and V2- electromagnetic,
valves, CD- charge digitizer, CM- control module, PS- preset scaler,
CG- clock generator, S- summation module, ADC- analog digital
converter, |- neutron detector, 2- sample, 3- BF; neutron flux monitor,
4- pneumatic transfer system, 5- shielding, 6- Fradey cup, 7- 3He
spectrometer, 8- gas pressure, 9- ion beam, 10- sample position detector,
11- accelerator target.

5. Neutron detector efficiency.

The absolute efficiency of the 4m neutron detector was determined by two
different methods. The first method was the activation method based on the (p,n)
reaction and second one is based on the registration of the prompt neutrons from #52Cf
source coupled with a surface barrier detector. The Monte Carlo calculations were used
to determine the relative efficiency.

5.1. Monte Carlo calculations of the energy dependence of the neutron
detector efficiency

The application of the Monte Carlo method for the numerical modeling of
radiation transport process in complex media is traditional at the present time.
Succsesful imlementation of this method is connected with some advantages as
compared with other methods. The main advantages are the following:

1. Monte Carlo method allows to fulfill the discription of a complex gemetric
structure with minimum simlification.

—223—-



JAERI—Conf 97—-001

2. Model of radiation interactions with materials can be improved to achieve the

accuracy restricted only by the uncertainties in nuclear data.
3. Development of computer program for implementation of the Monte Carlo
method is quite simple procedure which does not needs any knowledge of the numerical

methods.
The choice of the Monte Carlo method to analyze of the processes occuring in

the neutron detector is connected with the requirements for correct discription of
geometric and physical models of radiation transport phenomena. To solve this
problem the combination of the analog and non-analog modelling was used.

Monte Carlo method was used to solve the collision density eguation

p(x) =K'= x)-p(x")dx'+S(x), 0

where /(x) - collision density function,

S(x) - neutron source,
K(x'-«af x) - function of transition from point x’ to point x,

x={x,¥,2,Q, E) - point of the many dimentional phase space.
The objective of the calculations is to determine the functional value

I =[w(x) o(x)dx, 2

where | - rate of the process under investigation,
gp(x) - weight function of the neutron detector.
There is another approach to calculate the value I:

I=[y"(x)-S(x)dx, G)

where !//(x) - adjoint function related to the process determined by the

sk
@(x) function. i~ (X) - is determined by the equation

v () =K' (x> %)yt (de+o(x), @

If there is a need to calculate the value I with different source function S(x)
it is preferable to use the approach determined by the equation (4).

Numerical modelling of the neutron detector configuration was made on the
basis of the MMKFK computer code [1]. This computer code was developed for wide
range of implementations in reactor physics calculations and experiments, and it has
passed many tests. In the present calculations of the energy dependence of the neutron
detector efficiency three dimensions geometric module from the MMKFK library was
used. Nuclear data group constants was taken from the ABBN-90 library [2]. The
function y" was calculated for every ring of BF; counters for the group energy intervals
0.01-0.0215, 0.0215-0.0465, 0.0465-0.1, 0.1-0.2, 0.2-0.4, 0.4-0.8, 0.8-1.4, 1.4-2.5, 2.5-4.0,
4.0-6.5, 6.5-10.5 MeV. If the function " is calculated the set of functionals (3) can be
determined according the formula
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Ig=[y™(E)-S(E)E,

y'(E) function was calculated for a set of the sources in the form of delta
function 8(Ei-E) and is presented in the Table 1.

Table 1.

Energy * v '
interval, MeV Inner raw Middle raw Outer raw
0.01-0.0215 67.165+/-0.681  64.522+/-0.885  22.547+/-0.424
0.0215-0.0465 65.920+/-0.655 64.222+/-0.763  23.284+/-0.468
0.0465-0.1 64.245+/-0.679  65.712+/-0.666  25.656+/-0.520
0.1-0.2 62.000+/-0.629  65.252+/-0.745 26.802+/-0.497
0.2-0.4 58.510+/-0.613 67.670+/-0.798 29.468+/-0.470
0.4-0.8 51.715+/-0.589  65.366+/-0.744 31.940+/-0.523
0.8-1.4 43.756+/-0.500  59.726+/-0.657 33.125+/-0.505
1.4-2.5 35.115+/-0.420  51.167+/-0.604 31.550+/-0.471
2.5-4.0 29.438+/-0.409 44.366+/-0.522  29.070+/-0.399
4.0-6.5 20.954+/-0.269 33.677+/-0.334  24.453+/-0.409
6.5-10.5 13.942+/-0.270  23.407+/-0.357 17.691+/-0.240

The experimental values were used to test the Monte-Carlo results . For this
purpose the relative efficiency of the neutron detector was integrated over the 252Cf
prompt neutron spectrum [3] for each ring of BF; counters. The measurements made
separately for each ring showed a good agreement with the Monte-Carlo calculations
for the count rate ratio of the inner-to-middle-to-outer rings of BF3; counters. The count
rate ratios 1.26 : 1.67 : 1 and 1.28 : 1.75 : | were obtained in the measurements and the
Monte Carlo calculations, respectively. If we will take into account that the integration
is fulfilled over the wide range of neutron energies it can be stated that the Monte Carlo
calculations give the reliable results for the energy relative dependence of the neutron
detector efficiency. Small deviation can be attributed to some anisotropy in the 252Cf-
surface barrier detector neutron source. This anisotropy is related to non 2x registation
of the fission fragments by the surface barrier detector. The values of the calculated
efficiency were corrected for the above deviations in the ring to ring ratio. The influence
of the deviation on the final results of the experiment even without correction will be
negligable because the energy range of the delayed neutron is ~ 0 - 1.5 MeV. The
relative efficiency of the neutron detector is given in Fig.3.
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Fig.3. Relative efficiency of the delayed neutron detector
calculated by Monte-Carlo method.

5.2. Activation method.

In the measurements of the neutron yield from the (p,n) reaction with 4x neutron
detector every time the target is bombarded with the incident beam the ratio of
neutrons detected to the total number of residual nuclei produced will give the
efficiency of the neutron detector since one residual nucleus is produced for every
neutron produced. This method is independent of current integration, target uniformity
and target thickness measurements. The 5'V(p,n)*'Cr reaction has been chosen as it has
nearly isotropic angular distribution in laboratory system and a suitable value of the
decay half life of 3'Cr (27.702 days). The isotopic abundance of 5!V in elemental
vanadium is 99.750 % with 0V as the only other isotopic constituent. Decay of !Cr
produces a 0.320 MeV gamma ray 9.83 % of the time.

The targets used in the present measurement were made from metallic vanadium
by evaporation in vacuum on the copper backings of 0.3 mm thick and 11.6 mm in
diameter. The vanadium targets were placed in the water cooled target holder
perpendicular to the charged particle beam line (zero degrees) at the centre of the 4n
neutron detector. A schematic diagram of experimental arrangement used in the
measurements of delayed neutron detector efficiency by the activation method is
presented in Fig.4.
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Fig.4. Schematic diagram of experimental arrangement for
delayed neutron detector efficiency measurements.
P- preamplifier, A- amplifier, D- discriminator,
SC- scaler, CD- charge digitizer, CM- control module,
PS- preset scaler, CG- clock generator, S- summation
module, ADC- analog digital converter, 1- delayed
neutron detector, 2- 3He spectrometer, 3- shielding,
4- Faradey cup, 5- 31V target, 6- target holder.

After irradiation an activity measurements for 5'Cr was made. This measurement
involved counting 0.320 MeV gamma radiation with a Ge(Li) detector (see Fig.5.).
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Fig.5. 3'Cr gamma-ray spectrum measured by Ge(Li) detector.
Irradiation time 3 hours.

Each irradiated target was counted in a well-defined geometric position close to
the detector. Calibration of the Ge(Li) was ultimatly based upon two standard
radioactive sources. One source was '2Eu. The second was '’3Ba. Both of these
standards were point source on thin backings. Neither standard gamma source yielded a
gamma-ray line near 320 keV where the calibration was needed. Consequently, several
computational steps were made in order to obtain the desired calibration.

5.2.1. Calibration of the Ge(Li) detector energy scale

The relationship between pulse height for a full-energy peak line and the gamma
ray energy is nearly linear over a moderate range of energies if high-quality electronics
components are used in the pulse analysis. Nonlinearities must be taken into account to
realise the full accuracy potential of these detector systems. Nonlinear effects are
especially impotant for low gamma ray energies or for calibration of very wide energy
ranges.

Energy scale calibration was achived by utilizing two gamma ray sources: 33Ba
and ?Eu. As a first step a calibration data base was obtained. These data consist of sets
of multiplets (xi, dxi, Ei, dE;), where x; is the peak channel for gamma ray of energy Ei.
The dx; are the uncertainties in the peak channels while dE; are the reported errors in
the energies of the calibration lines. The calibration procedure was to represent the
energy E as a function of x, E(x). The polynomial relation was choosen for this purpose

& k-1
E(p,x)= D ppx
k=1
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5.2.2. Efficiency of the Ge(Li) detector.

Absolute efficiency of the Ge(Li) detector was obtained on the measurements
performed using an absolutely-calibrated gamma-ray sources '*Ba and 'S2Eu. The
relationship between efficiency € and photon energy E was approximated by the
formula with the purpose to obtain the value & for the gamma-ray energy E = 320 keV

m .
In(e)= Y. p;(nE)’™!
Jj=1

5.2.3. Absolute efficiency of neutron detector

Absolute efficiency €, of 4n neutron detector was obtained on the basis of
number events recorded by the neutron detector during irradiation time t and
appropriate activity value of 5'Cr

Iy
n =TRR

where RR = reaction rate related to activity of 5!Cr,
Y. = total number events recorded by the neutron detector,
t = irradiation time.

Reaction rates based on the measurements of 5!Cr activity have been calculated
using the following expression:

RR=A. exp(A7r)A _ 0,
~ be f[l—exp(—/lT')][l—exp(—At)] 52535455 ’

where
A= peak area of the 320 keV gamma ray line of *!'Cr,
b= gamma-ray branching ratio,
e = Ge(Li) detector efficiency in the vicinity of the 320 keV gamma ray energy,
T = time from end of irradiation to start of count,
t = irradiation time,
T = live count time,
T’ = real count time,
f=T/T,
A = disintegration constant for 5'Cr isotope,
d: = correction for finite source diameter,
8, = correction for real coincidence summing,
83 = correction for random summing,
34 = correction for gamma-ray self-shielding,
8s = correction for attenuation in external absorbers.
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The neutron energy spectrum from the 'V(p,n) neutron source was measured by
the 3He spectrometer installed behined the neutron detector(Fig.6)

100
Neutron spectrum
2001 from V-51(p,n)Cr-51
g ] reaction
£ 000+
5 divided by D
o 800
[
Q J
[%2]
£ 600 En=376 keV
3
8 p
400 -
200 -
0 T ' T — T ¥ ! T
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Channel number

Fig.6. Neutron energy spectrum from 3'V(p,n)*'Cr reaction
measured by He spectrometer.

As a result the absolute value of 0.084 + 0.004 for the neutron detector efficiency
have been obtained in the vicinity of 0.376 MeV neutron energy.

5.3. Method based on 252Cf neutron source.

The second method was based on the counting the prompt neutrons from
spontaneous fission in 22Cf source. The number of fission events was determined by a
silicon surface barrier detector placed closely to 252Cf source. Both the detector and the
neutron source are placed in vacuum chamber located in the centre of 4w neutron
detector. A fission pulse from the silicon surface barrier detector was used to initiate the
process of counting the neutron detector output by the multiscaler module of the
LP4840 multichanell analyser. Experimental data obtained for the outer row of BF3;
counters is shown in Fig.7. The value of background was obtained on the basis of the

approximation of the experimental data by the expression ~ @ + b - exp(—ct) .
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Fig.7. Time dependence of 2Cf prompt neutrons registered by

delayed neutron detector.

The value of the total number of the 232Cf prompt neutrons obtained in such
measurements was used to make normalization of the relative efficiency calculated by
the Monte-Carlo techniques according the following formula

_ JS(En) - N(Ey)dE),
[v*(En) N(Ep)dE,

e(Ep)=k-y " (Ep),

where e(Ey) - absolute efficiency of the neutron detector,
v’ (En) - relative efficiency of the neutron detector,
N(E.) - the 252Cf prompt neutron spectrum [3],
k - normalization factor.

The value defined by the integral fE(En)- N(En )dEn was measured in the

multiscaler mode experiment for each row of the neutron detector.

The measurements of the efficiency of the neutron detector showed that count
rate ratio between rings of BF3 counts is very sensitive to the energy of the detected
neutrons. Therefore it was proposed to use this effect for measurements of the average

energy of delayed neutrons.
The resulting energy dependence of the neutron detector efficiency was obtained

on the basis of polinomials fit to the normalized relative efficiency data

m=k
e(E)= 3, Au(In(E,)™"!

m=1
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The results of the Monte Carlo calculations and its approximation data
normalized by k normalization factor is shown in Fig.8.
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Fig.8. Absolute efficiency of delayed neutron detector.

The values of absolute efficiency obtained by both method are in agreement. But
the values obtained by 252Cf neutron source method have the better accuracy. Therefore
these values was used in the final calculations of the total delayed neutron yield.

6. 2’Np sample.

The 27Np samples were prepared from neptunium dioxed powder in the form of
cylinders 0.56 cm in diameter and 0.35 cm in height. The sample fabrication process
involved high preasure apparatus to increase the density of the neptunium samples up
to 7 g/em3. Each sample was enclosed in stainless steel capsule with 0.3 mm thick walls.
These capsules prevented the 2’Np from escaping during transportation of the samples
between the irradiation and counting positions. The capsules utilized in the experiment
passed the leak tests. Then the capsules with 2’Np were protected against shocks by
enclosing them in thin titanium cans. Each can contains 4 capcules of the high density
neptunium with total weight of up to 2 g. The total number of »'Np atoms in the

sample was (5.1063 £ 0.0025) « 102!,
7. Fission rate measurements

The number of fission events occuring in the sample during irradiation is one of the
parameters needed for the determination of the absolute total yields of delayed
neutrons. Two methods are considered. The first one is based on the irradiation of the
known number of atoms contained in the sample under investigation followed by
nondestructive absolute gamma-ray assay of the fission product atoms contained in the
sample. For obtaining the number of fissions in the Np-237 sample one needs to know
the half-lives of the fission products, emission probabilities of the gamma rays and the
fission yields of these fission products (Ru-103, I-131, Ba-140/La).
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The second method is based on the experimental procedure in which the Np-237
sample is attached to two low-mass fission chambers and the entire assembly is placed
at zero degrees near the accelerator target. The fission detectors of this assembly
provides quantitative information on neutron fluence in the vicinity of the Np-237
sample where such irradiation is performed. The derived value of the neutron flux
passed through the Np-237 sample is used to obtain the number of fissions in the Np-
237 sample.

The second method was considered to be the more reliable. The established
method has three distinct features: determination of the isotopic mass of the fissionable
deposits, recording with precision a fraction of fission fragments originating within the
deposit when exposed to a flux of neutrons, and, calculation procedure to obtain on
this basis, the number of fissions in the Np-237 sample.

7.1. Fission chambers and isotopic mass of the fissionable deposits.

The fission ionization chambers are designed and constructed as low-mass,
parallel-plate ionization counters. The backings of the fissionable deposits and the
chamber electrodes are made of 0.2 mm thick aluminum and have a diameter of 20 mm.
Thin deposits are made of neptunium dioxide. To reduce neutron absorption and
scattering effects, the mass of each piece of the chamber has been kept to a minimum.
Connections for electronic cables and gas tubing are made at the chamber manifold,
more than 30 cm from the chamber. Conventional pulse processing electronics are used
in the measurements. A 90% argon and 10% CO; gas mixture is used as the gaseous
medium in the chamber.

A satisfactory separation between pulses from the Z’Np a-decay and majority of
the fission fragments was achieved with a spacing of 0.5 cm between the deposit plate
and the collector plates (0.2 mm thick Al). Testing of the chamber performance, made
on the fast neutron flux at the cascade generator, showed that there is a good separation
of the fission fragment peak and peak due to alpha particles, electronics noise and
neutron-induced components. The peak-to-valley ratio of the pulse-height distribution
is about 30. The 2’Np fission fragment spectrum is given in Fig.9.
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Fig.9. Pulse-height distribution for 2"Np fission.
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The physical stability of the samples was assured by a-counting before and after
the present experiment. Changes were less than 0.15% with counting statistics of 0.1%.

The isotopic mass assesment for the deposits is based on two methods: absolute
alpha counting in the fission ionization chamber with the appropriate gas pressure
value, and low-geometry alpha counting at various distances from a surface barrier
detector. The a-spectrum obtained in 2n counting geometry is shown in Fig.10. Most of
the the counts came from the 23’Np decay and 1.25 % came from the?¥Pu and/or 'Am

decay.
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The a-~pulse height spectra also contain a low energy tail which ammounts to as
much as 0.43 % for the deposit No.1 and 0.37 % for the deposit No.2. A value of (2.14 +
0.01 )103y [5] was used for the half-life of 3’"Np. A half-life of (87.74 £ 0.05) y was used
for the a-decay of 23¥Pu [6]. Analysis of a-spectra from both fission chambers yielded
the number of Z’Np atoms 7.499¢10'7 and 6.225¢10!7 for the first and second fission
chambers respectively. Corrections for random summing during alfa-particle counting
were made. The value of this correction for the first chamber was 0.63 % and for the
second one - 0.52 %.

The value of the fission chamber efficiency for the counting fission events
depends mainly on the thickness of the fissionable deposits. Accuracy of this value is
determined by the procedure used for the extrapolation of fission fragment pulse height
distributions to zero pulse-height. In the present measurements the extrapolation to
zero pulse-height was carried out with flat extrapolation assumption.

7.2. Neutron flux calculation

Knowledge of the neutron spectrum from the target which is limited to zero
degrees is inadequate because the 3’Np samples and the neptunium deposits of fission
chamber subtended substantial solid angles (as it is in typical poor-geometry irradiation
environments). The neutron fluence must therefore be represented by an energy- and
angle- dependent function, ¢(Ex,0).

For an accurate analysis of experimental vq data the precise value of the average
effective neutron energy and its uncertainty as well as the energy and angle distribution
of the incident neutrons are required. Without further corrections the measured vq4 value
can be different from the true one due to a different energy and angle dependence of
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some factors needed to introduce corrections in experimental data ( e.g. attenuation
factor). The influence of the neutron energy and angle distribution profile on the an
experimental results depends on the shape of that distribution. In general such a
distribution cannot be described by a single parameter, as e.g. in case of a Gaussian or
a rectangular distribution.

The Monte Carlo method was chosen to calculate energy and angle distribution
profiles for neutrons from T(p,n) source reaction, for incident proton energies from the
threshold to 2 MeV, titanium-tritium targets and various irradiation geometries. The
Monte Carlo neutron source results was used in further Monte Carlo calculations of the
fission rate in the fission chambers and the Z’Np sample.

The kinetic neutron energy E. in the laboratory system results from
instantaneous projectile proton energy E, and the angle of neutron emission, 8,
according to the reaction kinematics. Protons hitting the target with an incident energy
Epo are slowed down to energy E,o-AE, within a titanium-tritium target. The energy loss
AE; is the first contribution to the neutron energy spread.

Angular straggling predominantly due to multiple small-angle scattering also
occurs during the slowing down of the protons in the target.

A third contribution to the neutron energy spread results from the spread in
neutron emission angles due to the finite size of the »’Np samples, fission layer and
beamspot. When using extended samples the variation of the distance beamsport to
sample-volume element along the sample has to be considered additionally. Both the
proton straggling and the finite solid angle subtended by the sample with respect to the
neutron source contribute significantly to the width of the final neutron energy
distributions according to the slope of the functional dependence neutron energy versus
neutron emission angle.

The most correct way to calculate the final neutron energy distribution profiles
for a variety of irradiation geometries and irradiation angles with the final purpose to
obtain the fission rate in the sample under investigation is to introduce the Monte Carlo
method. All contributions to the energy spread can be taken into account
simultaneously as they physically occur. Therefore all existing correlations are then
considered automatically. This procedure avoids the problems encountered in a
different method to obtain the total energy spread in experiment from separatly
estimated distribution widths for the various contributions to the final energy
resolution, i.e. how to properly combine the corresponding distribution parameters.
Adding the partial FWHMSs in quadrature in oder to get the total FWHM would be
correct if all distributions involved were Gaussian and correlations amongst these
contributions could be neglected. The latter is certainly not fullfilled for the partial
processes contributing to the total energy spread of the produced neutrons.

In the present analysis the Monte Carlo calculations for the T(p,n) neutron
source were made on the basis of the approach developed by Kornilov and Kagalenko
[7]. The azimuthal angle ¢; was taken as equidistributed one. In each history numbered
by the index i the source coordinates and the coordinates of the point of interaction
between the neutron and the sample are chosen by random sampling on the basis of
equidistribution within the circular beam spot and within the 2’Np sample (or Z’Np
deposit in fission chamber), respectively. The direction of the scattered proton and the
neutron emission angle 6; are fixed, as the direction of the emitted neutron is given by
the coordinates of the source and sample element.

The neutron energy in the laboratory system Eni(Eg;,0i) and the yield anisotropy
factor fi(E;i,0:) are calculated for every history according to the reaction kinematics. The

weight factor w; is given by the following expresion
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@ = 0(E pi)-o(E i) (E [ dx)Epi) L £ (E i, 60, 1d}2,

where dc-i-xE- (Epi) - the stopping power, c(Ey) - the tritium concentration, o(Eypi) - the

source reaction cross section, d; - distance between the point of the neutron origion in
the target and the point of the neutron interaction within Z’Np sample or 2’Np deposit

in the fission chambers.
Fission rate in the neuptunium sample during irradiation is the sum of

incremental fission rate components, namely

Rr =2 R (Ep)
il

The incremental fission rates can be calculated using the following formula

Ry (Ep) =@ gjr.0 (B -np -V ongi(Ep)-lg™> - Mg,

where @g(Er) - neutron/sr-sec, in the energy group E, emitted from the target element i
in the direction of the 23’Np sample element with volume Vj,

l-  distance from the neutron source target element i to the center of the
sample element Vy,

nr-  number of atoms/cm? in the 22’Np sample,

o(Ey) - differential 23’Np fission reaction cross section in vicinity of neutron
energy E,

ng(Er) - neutron absorption factor,

M:; - neutron multiple-scattering correction factor.

A neutron absorption factor for 2’Np sample is calculated by taking the sample,
fission chamber and target holder construction materials into consideration.

Calculation of the absorbtion factor ng(Ei) is accomplished using the formula
14 (Ep) =exp[(=2 - x;; — Zp - xp) / cos(6 5;)]

where Zr- 3Np sample macroscopic total cross section,

Ly - macroscopic total cross section for materials
between the 2’Np sample and ion beam spot,

X ij-sample thickness between point of neutron
entrance and point of its interaction with
sample material,

b - thickness of material between the sample and
target beam spot.

The same calculational procedure was applied to fission chamber.

The developed approach was checked in an experiment which was conducted
with the purpose to obtain the fission rates in the fission chamber for the different
distances from the beam spot. The experimental results was compared with Monte
Carlo calculation values. As can be seen in Fig.!!| the calculated results can be
considered as reliable.
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Fig.11. Fission reaction rates in the fission chamber at
different distances from T(p,n) neutron source.

8. Accelerator equipment adjustment

In order to conduct the measurements of the total delayed neutron yields within
the framework of the developed method, the work has been done on the appropriate
preparation of accelerator systems. The main objective of this work was to design a
device for switching on the ion beam to the accelerator target to start the irradiation of
the Np-237 sample and switching off the ion beam from the target at the begining of
the delayed neutron counting. Such a device has been constructed on the basis of the
remotely controlled changes of the Faradey cup positions. The Faradey cup serves as a
“beam stop” unit. The testing of the system shows that the time for switching off the
ion beam is 150 msec. Control for accelerator mode operation is achived by the central
processor of the data aquisition and processing system. Fig.12 presents the time
dependence of the neutron flux incident on the sample after switching off the ion beam
(t = 0 sec).
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Fig.12 . Neutron flux intensity after end of irradiation.

9. Measurements of the total yield, relative abundancies
and periods of delayed neutrons for fast netron induced
fission of 2’"Np

Measurements of the total yield, relative abandancies and periods of delayed
neutrons have been made using the method developed on the basis of electrostatic
accelerators of the IPPE. The set-up was installed at the cascade generator CG-2.5.
Monoenergetic neutrons were generated by means of the T(p,n)’He reaction. The
measurements included two independent types of experiments. The first type was
conducted with the purpose to obtain the relaive abundacies and periods of delayed
neutrons for 2’Np fission by 1.2 MeV neutrons. In the second type of experiment the
total delayed neutron yield was measured.

9.1. Measurement of the total delayed neutron yields.

The total delayed neutron yield for fast neutron fission of 3’Np was measured
using experimental arangement, which was discussed in details earlier and is shown in
Fig.2. The neptunium sample was irradiated up to saturation during 300 sec. After
irradiation the ion beam was cut off by the Faradey cup and the sample was delivered
to the neutron detector for counting the decay of delayed neutron activities. Time
interval for counting this activities was = 700 sec. Time-channel widths of 0.01, 0.1, 1, 10
sec following in automatic sequence were used in the present measurement. After
counting period the measurement procedure was repeated.

The fission rate in the neptunium sample was measured by two parallel-plate
fission chambers positioned in the front of and behind the sample. The usually used
geometry configuration is shown in Fig.13.
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Fig.13. Geometry configuration used in measurements of
the total delayed neutron yields.

9.2. Measurement of group periods and relative
abundance values of delayed neutrons.

Measurement of group periods and relative abundace values of delayed neutrons
was made on the basis of the same experimental configuration as it was in the case of
the total delayed neutron experiment. To obtain the appropriate statistical accuracy
needed for the fitting procedure the ’Np sample was installed in the vicinity of the
target. Only a relative neutron flux monitor was used since in this experiment there was
no need for information on the fission rate in the neptunium sample. The decay delayed
neutron data were recorded for each irradiation and then were accumulated in one
curve for one measurement. An example of such data is shown in Fig. 14. The curve
comprise of 69 irradiation data.
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Fig.14. Delayed neutron intensity following of 23’Np irradiation
by 1.154 MeV neutron.

9.3. Relative neutron flux monitor.

In both type of experiment it is essential to be able to relibly monitor neutron
output from the source. Relative neutron-dose monitoring from irradiation to
irradiation is required in oder to be able to normalize the results obtained from
measurements where data for unknown processes and for standard are acquired from
distinct exposures (i.e. space distribution of neutron flux from the target). Another
reason why it is desirable to continuously monitor the neutron output from the source
is that this monitoring provides a sensitive measure of the stability of the target and the
constancy of the neutron spectrum. This aspect is espessialy important in the activation
type of experiment in which there is a strict demand for the constancy of the neutron
output during irradiation of the sample. Deterioration of the target is readily sensed
during a measurement by changes in the neutron yield per unit of incident beam charge
on the target.

A standard boron-triflouride detector in a typical “long-counter” type
configuration was used. It provided a good efficiency, a high degree of stability,
moderate sensetivity to changes in the neutron environment and insensitivity to
radiation other than neutrons.

In the Figs.15 and 16 there are representative members of the set of recorded
time dependence of neutron flux and ion charge during irradiation of the sample.
Having such information one can readily make correction for dependence of neutron
flux in time if this correction needed.
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10. Preliminary experimental results
10.1. Group periods and relative abundance values

The total number of delayed neutrons N(tk) detected during a time channel t, of
duration Atk for the cyclic measurements can be given by
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I

Nt) =S T ohe M (-7
I

where

T =(1- e )(-——i-—— e AT e
/ “AT (1—e AT)2

).

Ai and o, - decay constant and relative yield of the i -th group of delayed neutrons, tx -
time channel, n - number of cycles, T - duration of one cycle, which includes the
irradiation and delayed neutron counting time, t; - irradiation time.

Group periods and relative abundance values for 23U were obtained from a total
of 55 irradiations. (A simultaneous solution of all periods and abundancies for the six
group approximation were used) At the first step the analysis of delayed neutron decay
data was made for the time t > 3.5 sec where the contributions from the two shortest
periods can be neglected. In the analysis the least squares method were used with initial
estimates for the group constants taken from [8]. As a result of analysis the periods and
abundancies for the first and second groups were determined. Then these data were
used(fixed) in analysis of delayed neutron decay curve for the time interval from t 2 0.3
sec up to 720 sec (the whole time range used in the experiment). At this step the relative
abundance and period were determined for groups 3 to 6. The final results are given in
the Table 2 for the six group abundances, periods along with the values of Keepin [8]
and Besant [9].

Table 2 . 235U group relative abundances and periods

Group number
1 2 3 4 5 6 reference

i

ai 0.040+0.004 0.233+0.006 0.181+0.007 0.422+0.008 0.101+0.005 0.024+0.001 Present
Ti 5530+0.41 22.1640.21 6.5940.23  2.40+0.05 0.74+0.04 0.163+0.008 values
ai 0.038+0.003 0.213+0.005 0.188+0.016 0.407+0.007 0.128+0.008 0.026+0.003 Ke (8]

Ti 54.5140.94 21.8440.54 6.23+0.26  2.30£0.07 0.51940.035 0.178+0.016 Ke(8]

ai 0.035+0.002 0.234+0.003 0.21620.069 0.290+0.055 0.178+0.038 0.047+0.013 Be[9]

Ti 53.3240.28 21.2640.13  5.13+0.41 2.52140.348  0.829+0.150 0.185+0.045 Be{9]

Group periods and relative abundancies for ’Np were obtained on the basis of
experimental data which were measured with different irradiation times. In the analysis
of the delayed neutron time-dependence the data with irradiation time of 300 sec were
used to obtain the group constants for the first and second group of delayed neutrons.
These data were analysed with the iterative least squares program for the time interval
3.5 - 721 sec after end of irradiation. Group constants for the third to the sixth group
have been obtained from the data measured in the experiment with irradiation time of
15 sec. The group constants obtained from the long time irradiation data were fixed in
the analysis of short irradiation data. The analysed 3’Np data were obtained from the
total of 265 irradiations. The final results on the relative abundances and periods of
delayed neutrons for fission of 23’Np by 1.154 MeV neutrons are given in the Table 3.

—243—



JAERI—Conf 97-001

Table 3. ¥"Np group relative abundances and periods

Group number

i 1 2 3 4 5 6 ref.
ai 0.03240.003  0.257+0.077  0.205£0.008 0.395+0.009  0.09510.005 0.0159+0.0008  Present
T 55.1840.49  22.71+0.18  5.65%0.20 2.1440.07 0.436£0.021  0.196+0.010 values
ai 0.04040.005 0.254+0.008 0.206+0.008 0.372+0.011  0.106+0.010 0.0221 Be[10]
Ti 54.579+0.85 21.797+0.41 5.635:0.092 2.180+0.027  0.673%0.111 Be[10]
a; 0.0400 0.2162 0.1558 0.3633 0.1659 0.0589 Bra(11]
T 52.116 21.935 5.934 2.306 0.780 0.251 Bro[11]
ai  0.030+0.008 0.23040.053  0.180+0.058 0.415+0.087  0.069+0.018  0.074+0.037 Ru[12]
T, 55.452 21.865 5.251 2.113 0.672 0.277 Ru2){12]
ai 0.042+0.009 0.233+0.028  0.19040.027 0.359+0.050  0.145+0.019  0.031420.014 Gu[l13]
T, 55.900 22.216 5.415 2.303 0619 0.210 Gu[l13]
a; 0.035:0.003  0.23040.023 0.06610.031 0.14410.061  0.400+0.050  0.124+0.029 Wall4]
T; 55.011 22.652 10.615 4.987 2.113 0.428 Wa[l4]

a) - calculated values

10.2. Absolute delayed neutron yield

Absolute delayed neutron yield vs was obtained on the basis of the following
formula

1

2 a . -At -At
Nd:ZN(Z):<8>FSVdZY;ZL(e 1 ,z)
t1 i /

-nAT

-At n A7 l-e
e

T =(1-e e

where N(t) - delayed neutron emission rate at time t after irradiation, A; and o - decay
constant and relative yield of the i -th group of delayed neutrons, t; and t; - time of the
beginning and the end of delayed neutron counting, n - number of cycles, T - duration
of one cycle, which includes the irradiation and delayed neutron counting time, t; -
irradiation time, F - fission rate in the sample under investigation, <e> - efficiency of
neutron detector averaged over delayed neutron spectrum.

The delayed neutron production rate from a number of repetitive cycles can be
considered as the production rate from a single cycle in the infinitely long sequence. In
such case the fission rate F is the total number of counts in the sample divided by the
time of one cycle irradiation t;. The fission rate in the sample F; can be represented by
the following expression

N
Fy == [ §(E,.0,0) 0(Ey)dEydC;
I

where N; - number of atoms in the 2"Np sample,
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Q; - solid angle subtended by the 2’Np sample,

¢(Ex, 0, @) - absolute neutron flux from the target.
The fission rate Fs was calculated by the Monte Carlo method on the basis of the

approach discribed in the section . In this approach the relative neutron flux ¢ = ke¢
from the target was used. The absolute value of the neutron flux was obtained on the
basis of the number of counts in the fission chamber N. measured during irradiation
period of the each cycle and appropriate Monte Carlo calculations

Ne=Ny[k-@p(Ey.0,0)-0(Ep)dEndQ

where Nr - number of 23’Np atoms in the fission chamber deposit,

Q¢ - solid angle subtended by the fission chamber deposit.
The final expression for the fission rate in the sample can be written in the
following form

_ Ne N[ 9(En,0,0)0(En)dEnd€;
Y UNg 4 9(E,0,0)0(E,)dE,dQ

The total yield of delayed neutrons for 2’Np was obtained for a total of 54
irradiations. The average energy of neutrons induced fissions in the sample is 1.154
MeV with standard deviation of 0.159 MeV. The irradiation time was 300 sec. A
background for delayed neutron counting was determined by the analysis of delayed
neutron curve using the iterative least squares procedure with fixed a; , T; which were
obtained in a separate experiment. The value of background was 5.606 + 0.114 counts
per sec. The total counting time for one cycle was 721.2 sec. The total yield, based on
the mean of data from both fission chambers was:

va = 0.01180 £ 0.00072
Table 4. Total delayed neutron yield for 23’Np fission.
Neutron energy Total yield Method Reference
MeV neutron/fission

1.154 0.01180+0.00072 Present value

Experimental

Fast neutrons
Fast neutrons
Fast neutrons
Fast neutrons
Fast neutrons
Fast neutrons
Fast neutrons

0.0122 £0.0003

0.01142 +£0.00160
0.01068 + 0.00098

0.0120 £0.0015
0.0128 £0.0013

0.011440.0012
0.0108

Experimental
Experimental
Experimental
Calculation
Calculation
Calculation
Evaluation

Benedetti [10]
Gudkov [13]
Waldo  [14]
Rudstam [12]
England [15]
Brady [11]
ENDEF/B-5
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3. 4 Measurements of 2'Np secondary neutron spectra

Direction 3 (Group leader Kornilov N.V.)

Abstract

The activities carried out during the first year of the project are summarized. The main
problems for Np spectra measurements arise from high intrinsic gamma-ray activity of the sample
and admixture of the oxygen and iron nuclei. The inelastically scattered neutrons and the fission
neutrons spectra for 2’Np were measured by time-of-flight spectrometer of the IPPE at incident
neutron energies ~1.5 MeV, and 0.5 MeV. A solid tritium target arid a Li-metallic target were
used as neutron sources. The neutron scattering on C sample (C(n,n) standard reaction) was
measured to normalize the Np data. The experimental data should be simulated by Monte Carlo
method to correct the experimental data for oxygen and iron admixture as well as for multiple
scattering of the neutrons in the sample. Therefore the response ﬁmction‘of the spectrometer, and

the neutron energy distribution from the source were investigated in detail.

1. Experimental method

1.1 Pulsed neutron sources
The neutron spectra were measured by time-of-flight (TOF) technique with the EG-1
accelerator spectrometer of the IPPE (Refl1,2). The parameters of the spectrometer are the
following: pulse width is 2 ns, repetition rate is 2 MHz, flight path is =2 m, mean current on the
target is 4-6 pA. The experimental layout is shown in Fig.1. The T(p,n) reaction in a solid tritium-
titanium target was used as a neutron source at energy range 1-2.5 MeV. The target thickness was
~0.4 mg/cm®. Neutrons with the energy ~0.5 MeV were produced with Li(p,n) reaction. The
metallic Li-target was prepared inside the accelerator’pipe ‘in setu’. The target was evaporated on a
steel polished backing 0.05 cm thick. The target thickness was ~0.6 mg/cm®. The water layer 0.1 cm
thick cooled the target. In the main the experimental method was previously applied to carry out

B3, B8 secondary neutron spectra measurements [3].

1.2 Samples
Np sample was manufactured from NpO, powder packed in stainless steel container. The
container is a cylinder with wall thickness 0.1 mm and bottom thickness 0.3 mm. The container

weight is 19.9 g. The dimension of the powder volume is 45 mm in height and 47 mm in diameter.

—247—



JAERI—-Conf 97-001

The NpO, weight is 189.1 g. The carbon sample is 47 mm in outer diameter, 27 mm in inner
diameter and 45 mm in height. The C-sample weight is 82.8 g. The samples were placed =10 cm

away from the target.

1.3 Main detector

The neutron detector was a stilbene crystal with 70 mm in diameter and 50 mm thick. The
scintillator was viewed by a photomultiplier tube (PMT) FEU-30. The detector face was covered
with lead absorber 20 mm thick to reduce the gamma-ray background of the sample. In addition the
pulse shape analysis was used to discriminate y-rays. The count rate for the sample gamma-rays by
the detector placed at ~200 cm distance from the sample was 1.9 10*s™ (no shielding) and it was
~60 s’ (20 mm Pb shielding). The detector was operated in fast-slow coincidence mode which
allowed us to reduce the contribution of photomultiplier noise. The detector was shielded with a

movable collimator.

1.4 Monitors
There were three monitors:
1) "long" counter to make relative measurements of the neutron yield;
if) TOF monitors to check the neutron source parameters and the proton pulse width. The monitors
consist of a plastic scintillator (25 mm in diameter and 5 mm thick) coupled with PMT FEU-143.
One of them (3 in Fig.1) was placed 70 cm away from the target and the other one (10 in Fig.1)
supplied with shielding was placed at <300 cm flight path to measure the neutron energy

distribution of the target.

1.5 Spectra measurement
All spectra were measured at the angle 120-deg. Each measurement consisted of 10-12 runs
with duration of about one hour. For each initial neutron energy at least two measurements were
performed with the investigated sample. Some additional measurements were made of:
- neutron spectrum with the container,
- neutron spectrum with the C-sample,

- background spectrum (no sample).

The electronic set up is shown in Fig.2. For each run the following data arrays were collected:
two-dimension distributions (TOF*pulse height (PH) - 512*128 channels) for main detector in

coincidence with neutrons and gamma-rays (time channel width 1.005 ns); TOF spectrum for

— 248 -



JAERI—Conf 97—001

monitor (10) - 512 channels (channel width 0.987 ns); TOF spectrum for monitor (3) - 2048
channels (channel width 0.22 ns). In addition the one-dimension spectra from ADC and TDC

connected with main detector were collected as well. Two-dimension spectrum for Np-sample 1s

shown in Fig.3.

2. Investigation of main detector properties

The main detector parameters were measured with the standard 2Cf fission neutron
spectrum (Ref.5), when the sample was replaced by the fast ionization chamber with #2Cf source
(Ref.9). Fission fragments count rate was 8.15 10°s™. The following parameters were measured in
this experiment: detector efficiency, pulse height response, and time resolution as functions of
neutron energies.

The detector efficiency was measured for two high voltage suppliesi.e. 1.9kV and 1.8 kV. In
the first case the detector sensitivity to low energy neutrons was increased very much. However,
high energy pulses were rejected due to the dynamic range limitation. This mode was applied to
make inelastic neutron spectra measurements. In second case we have higher efficiency for high
energy neutrons and this mode was used to measure the fission neutron spectra at 0.5 MeV. The
detector efficiencies are shown in Fig. 4.

The time resolution depends on detector properties (scintillator, PMT, timing discriminator)
and pulse height response for the separated neutron energy. The time resolution was described by

the following expression:
p(t,ty) = Zai (E)pi(t,t,), Zai(E) =1 )]
i=1 i=l
where pj(t,t) is the time distribution for i-th pulse height channel; a;(E) is a pulse height response for
neutron energy E; p(t t) is the time resolution for neutron energy E. We assumed that pi(t,to) and
p(tty) are the Gauss functions. Hence the second central momentum o of the p(tty) may be

calculated with the formula;

Imax

o*(E) = 2, a,(E)c] @

Some responses of the detector are shown in Fig.5. The time resolution of the detector versus
neutron energy is presented in Fig.6. The increase at E>4 MeV is accounted for by discrimination

of high energy amplitudes.
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3. Data processing

At the first stage of data processing the monitor time-of-flight spectra were applied to venfy
the quality of the accelerator performance in each run (time resolution, energy stability). The spectra
of "good" runs were summed up. The time independent background was subtracted from overall
spectra. The detector spectrum was measured as two-dimension array, therefore the zero-effect time
interval was known for each PH channel. The contents of the channels in these time intervals were
set to zero after the background was subtracted. After this procedure TOF distributions for each PH
channels were summed up to calculate the total TOF spectra. This background subtraction resulted
in the improvement of measurement accuracy in the low energy rangé of neutron spectrum. The
resulting time spectrum was normalized to the counts of the "long" counter. The TOF spectra for
the ®’Np run and the container run are shown in Fig.7,8 (time independent background was
subtracted). Neutron energy increases with increasing of the TOF channel number.

The peak at ~420 channel is due to sample y-rays (fission and inelastic scattering). The
smooth distribution at >310 channel is produced by fission neutrons. The following peculiarities of
the ®’Np TOF experimental spectrum should be highlighted.

There are three peaks in the middle of TOF scale. The more intensive ones are connected
with elastic scattering on Np (higher energies) and O nuclei. The peak at ~230 channel (see also
Fig.8) is due to the neutrons inelastically scattered by Fe nuclei. The sample nuclei ratio is 1:2:0.5
(Np:O:Fe) therefore, we can not use rather a simple procedure i.e. subtraction of the container
spectrum from sample spectrum run to estimate the net spectrum. The correction for neutron
scattering on the Fe nuclei (as well as O nuclei) should be calculated by Monte Carlo (MC) method.
For this purpose the MC codes BRAND [6] which allows us to simulate all specific features of the
experiment are used. To separate correctly peak-like contribution from admixture nuclei and the
background neutrons due to scattering on target environment we investigated the neutron source

properties in detail.

4. Neutron source spectrum
The energy—angﬁla: distribution of the neutrons escaped from the solid tritium target was
calculated by Monte Carlo method according to the recommendation of Ref.7. The following
factors were taken into account:
- space distnbution and energy spread of incident protons,
- energy losses in target (target thickness and its distribution), energy and angle straggling,

- the vanations of the neutron energy and reaction cross section with the angle of neutron escape.
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A set of parameters and functions (proton energy losses, neutron energy versus angle) are
needed for this calculation.-Most of them were taken from well known systematics (see Ref.7) or
were estimated by simple geometric measurements. The two parameters i.e. the average target
thickness and the variation of the thickness were estimated from monitor data measured in the same
experimental run. Experimental and MC calculated results presented in Fig.9 are in a quite
agreement.

A monoenergetic neutron source has an admixture of background neutrons with energy
E<E,. These neutrons arise mainly due to scattering on the target environment and their
contribution is rather small. However, being elastically scattered on sample nuclei ( Np, O, Fe) they
give the effect which is comparable with inelastic scattering. Therefore, an additional experiment
with the main detector placed at various angles relative to the proton beam and for various incident
proton energies was carried out. The targets on Cu and Mo backing were used in these
measurements. The measured neutron spectrum from the Cu(Ti) target for 0° angle together with
MC calculated spectrum are shown in Fig, 10. As one can see in Fig. 10 the experimental spectrum
has a rather long low energy tail which can not be accounted for by neutrons scattered on target
materials. There exists a particular problem for near peak region. The origin of these “tail” neutrons

and the way of their accounting for in MC simulations are the task for further investigation.

4. Fission neutron spectra.

The inelastic scattered neutrons are interfered with fission neutrons. The fission cross section
and number of prompt neutrons for “’Np were measured at energy range of interest in many
works. However, the fission neutron spectra were measured in two works oniy (=5 and ~7 MeV(8],
2.9 MeV, and 14.7 MeV[9]) and the results are rather scattered. Therefore to estimate the inelastic
cross sections with high accuracy we need some additional measurements of fission neutron spectra.
Besides, some basic problems for fission neutron emission still exist. As it was shown in works
(10,11] the incorporation of the hypothesis about the neutrons being emitted during fragment
acceleration improves the description of the experimental data in energy range from 0.01 MeV up
to =30 MeV. Only one free parameter o (fragment kinetic energies at the moment of neutron
emission) was used to fit the calculated curves to experimental data within expenmental errors.
Now we do not know the nature of this phenomenon (pre-acceleration emission or any correlation

between fragment excitation and kinetic energies), however it seems that the fact that <1 should be

used for data evaluation.
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The TOF fission neutron spectra at ~0.5 MeV neutron energy measured in the frame of the
project is presented in Fig..11. The Li-target was used in this experiment. The energy spread for
incident neutrons was ~50 keV. After the correction for sample size and admixture of O and Fe
nuclei, the data will be analyzed by the method suggested in Ref.11. As an example, the results of
the 2*U data analyses are shown in Fig. 12,13.

The fission spectrum will be evaluated with respect to carbon scattering in an absolute scale.
This fact will give some additional information about the spectrum shape (vo data Ref. 3) The 0.5
MeV result together with the data measured in the 1-2 MeV energy range will serve as a basis for
Z7Np fission neutron spectra analysis.

So one may conclude that the work planned for the first year of the project was carried out
completely.
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Fig. 1 Experimental layout of the IPPE spectrometer.
1 - pick-up electrode,

2 - neutron source,

3- TOF monitor for pulse width control,

4 - sample,

5 - shielding bar,

6 - shielding collimator of the main detector,
7 - lead shielding,

8 - main detector,

9 - long counter,

10 - TOF monitor for neutron target control.
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Fig.2 Electronic set up of the TOF spectrometer. CFD - constant fraction discriminator, SA -
shape amplifier, PSA- pulse shape analyzer, TAC - time to amplitude converter, ADC -
analog to digit converter, TDC - time to digit converter, CI - charge integrator, FD - leading
edge discriminator, CG - clock generator, MS - multy channel scaler, PS - preset scaler.
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Fig.4 Main detector efficiencies as function of neutron energies for two high voltage
supplies.

— 2556 —



detector responses

JAERI—-Conf 97—001

Neutron encrgics
~0—0.4 McV
—e--0.8 MeV
e dane 12 Mev -
—o— 1.6 MeV 1

PH channel

Fig.5 Detector responses versus PH channel for various neutron energies.

v T v T v T v T
2.0 A -
1.9 =
1.8 4 4
"
=]
g 174 -
8 -
8 164 4
g 16
1.5 4 1
1.4 -
- - T T — ; v : :
0 2 4 6 8 10

Neutron energy, MeV

Fig.6 Time resolution of the detector as function of neutron energy.
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data, line shows the MC result.
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3. 5 Analysis of the evaluated data discrepancies for minor actinides

and development of improved evaluation

A. Ignatyuk
Institute of Physics and Power Engineering,

Obninsk, Russia

Abstract

The work is directed on a compilation of experimental and evaluated
data available for neutron induced reaction cross sections on 237Np, 241Am,
242mAm and 243Am isotopes, on the analysis of the old data and re-
normalizations connected with changes of standards and on the comparison
of experimental data with theoretical calculation. Main results of the

analysis performed by now are presented in this report. (Editor)
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ANALYSIS OF THE EVALUATED DATA DISCREPANCIES FOR MINOR
ACTINIDES AND DEVELOPMENT OF IMPROVED EVALUATIONS
(group D-4, group leader A.Ignatyuk)

1. NEW CROSS SECTION EVALUATIONS FOR Np-237

The group activity was directed on a compilation of experimental and evaluated
data available for neutron induced reaction cross sections on Np-237, Am-241, Am-242m
and Am-243 isotopes, on the analysis of the old data and re-normalizations connected with
changes of standards and on the comparison of experimental data with theoretical
calculations. For Np-237 the analysis is completed and new recommended cross sections
are prepared. Data for isotopes of Am are under consideration still. Main results of the
analyses performed are presented in this report.

1.1. RESOLVED RESONANCE REGION

The analysis of the resonance parameters of resolved resonances for Np-237 was
done up to 600 eV. The region of resolved resonances was restricted by 130-150 eV in
previous evaluations. A statistical method of the resonance analyses was developed which
allows to restore the average parameters of weak missed resonances. The average resonance
spacing and the neutron strength functions obtained are shown in Fig. 1 and 2. The
estimations of numbers of missed resonances are shown in Fig. 3 for two energy intervals:
below 200 eV and below 600 eV.

Considerable attention was paid to the analysis of fission widths and elimination of
contradictions in the description of intermediate structure of averaged fission cross sections
for neutron energies above 100 eV. New experimental data on fission cross sections were
included in the analysis. They were obtained by Dubna-Obninsk collaboration on the
pulsed reactor of JINR in 1993 and by LANL physicists on their neutron spectrometer in
1994. The resulting set of resonance parameters reproduces well the observed intermediate
structure of fission cross sections (Fig. 4). Corresponding group fission cross sections (75
groups) are 30-30% lower than JENDL-3.2 evaluations but approximately twice higher
than ENDF /B-6. Corrected fission widths of the neutron resonances below 100 eV also
result to fission cross sections lower than JENDL-3.2.

For the resolved resonance region the comparison of new evaluations of the total,
fission and capture cross sections with previous ones is shown in Figs. 5, 6 and 7. The
thermal cross sections and resonance integrals calculated with the selected set of resonance
parameters repraduce accurately enough the experimental data available.

1.2. SCATTERING AND TOTAL CROSS SECTIONS FOR FAST NEUTRONS

There are no experimental data on the total and elastic scattering cross sections of
Np-237 for the neutron energies above the resonance“region. It means that the optical
model parameters for Np-237 should be chosen on the basis of the data available for the
neighboring nuclei. For U-238 the total neutron cross sections and elastic scattering
angular distributions were analyzed by many groups and parameters of the deformed
optical potential were defined with a high accuracy. The following parameters were
obtained in the recent analyses:

Lagrange Ch. - 1982 (3 levels coupled):
Ve =4620-03E,(MeV),  E,<20MeV,  rg = 1.26 (fm); ag = 0.63 (fm)
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W, =3.60+04E, (MeV); E, <10 MeV, r,=126(fm); = a,=0.52(fm)
W, =3.60 + 4.0 (MeV); E.> 10 MeV, W, =00
Vi =6.2 (MeV); rq = 1.12 (fm); ag = 0.47 (fm)

B.=0.198; B, = 0.057
Young P. - 1995 (3 levels coupled):

Ve =46.20 - 0.275E, (MeV); E. <30 MeV; g = 1.26 (fm); agr = 0.63 (fm)
W,=3.18 +04 E, (MeV), E, <8 MeV; 1, = 1.26 (fm),; a, = 0.52 (fm)
W, =6.38 - 0.046(E, - 8.) (MeV), E.> 10 MeV; W, =0.0 E,<8.0 MeV,
W, =-14+0.175E, (MeV); E,> 8.0 MeV; 1, = 1.26 (fm); a, = 0.63(fm)

Va=6.2 (MeV), rq = 1.12 (fm); a, = 0.47 (fm)

B, =0.198; B, = 0.057
Minsk - 1995 (6 levels coupled):

Ve =45.685 - 0.260E,(MeV); E,<20MeV; 1z=1257 (fm), ag = 0.653 -0.0068 E, (fm)
W,=3.123 +0.333 E, (MeV); E,<10MeV, r,=1.238 (fm); a, = 0.447+0.0202E, (fm)
W, = 6.453 (MeV), E.> 10 MeV,; a, = 0.75 (fm) for E.>15 MeV; W.=0.0

Vi =6.062 (MeV); ry = 1.115 (fm); a, = 0.471 (fm)

B.=0.214; B, = 0.055

The total cross sections calculated for these sets of parameters are shown in Fig. 8
together with experimental data available and the results of ENDF /B-VI and JENDL-3
evaluations. All sets of parameters give practically the same elastic cross sections for the
neutron energy above .1 MeV but the absorption cross section is too low for the Minsk’s
potential for the energies below 8 MeV. On the other hand the absorption above 10 MeV
is too low for the Lagrange’s potential.

The following parameters were used by P.Young et al . (1995; 3 levels coupled)
for 27Np in calculations included in ENDF /B-VI evaluations:

Vg =46.20 - 0.3E, (MeV), E, <30 MeV; rz =126 (fm), ag = 0.63 (fm)
W,=36+04E, (MeV), E.<8MeV, r,=1.24 (fm), a, = 0.52 (fim)
W, =6.38 - 0.046(E, - 8.) (MeV), W, =0.0 E, < 8.0 MeV,
W.=-0.7 + 0.1E, (MeV); E, > 7.0 MeV; r,=1.26 (fm); a, = 0.63 (fin)
Va=6.2 (MeV), ry = 1.12 (fm), ag = 0.47 (fm)

B, =0214; B, = 0.074.

On the other hand the following parameters were recommended by P.Young et al.
for Am-241 (1995; 5 levels coupled):

Va=4623-03E,(MeV),  E.<30MeV;  rz=125 (fm), ag = 0.60 (fim)
W, =3314+ 045E, (MeV); E.<8MeV:  r,=1.24 (fm); a, = 0.55 (fm)
W, = 6.914 - 0.046(E, - 8.) (MeV); W, =0.0 E, < 7.0 MeV;
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W, =-1.6 + 0.2E, (MeV), E,> 7.0 MeV; r, = 1.26 (fm); a, = 0.63 (fm)
Va=6.2 (MeV), ry = 1.01 (fm); a, =0.75 (fm)
B, =0.210; P, = 0.0756
We think that the last set of parameters is preferable for the five coupled level

scheme of Np-237. So we fitted the value of Vg to the neutron strength function given
above and adopted the following set of parameters:

Vr =46.10 - 0.3E, (MeV); E, <30 MeV; 1z =126 (fm), ag = 0.63 (fin)
W, =32+ 0.4 E, (MeV), E. <8 MeV; r,=1.24 (fm), a, = 0.52 (fm)
W, =6.4-0.046(E, - 8.) (MeV), E.> 8 MeV;

W, =0.0 E, < 8.0 MeV;

W, =-14 +0.175E, (MeV); E,> 8.0 MeV, r, = 1.26 (fm), a, = 0.63 (fm)
V=62 (MeV), ry = 1.12 (fm); ay = 047 (fm)

B, = 0.210; B, = 0.074

The total cross sections calculated for Np-237 and Am-241 with the both sets of
parameters are given in Figs. 9 and 10 in comparison with ENDF /B-VI and JENDL-3
evaluations. The calculated absorption cross sections are given in Fig. 11. It is necessary
to note that the neutron total and elastic scattering cross sections for Np-237 were
obtained in JENDL-3 evaluation from calculations with the spherical optical model. The
difference between these results and calculations with the deformed optical model (Fig.
12) amounts to 1 b for the elastic scattering cross sections for the neutron energies near 1
MeV and about .5 b for 10 MeV neutrons. The results obtained for the deformed optical
model| that were used in ENDF /B-VI and our new evaluations should be considered as
more reliable.

The same conclusion is valid for the inelastic scattering cross sections. Statistical
calculations with the deformed optical potential give more smooth behavior of excitation
functions for the near threshold energies than similar calculations with the spherical
optical potential. The deformed optical model describes also more correctly the direct
reaction contributions to the inelastic scattering cross sections. The results of our
calculations of the excitation functions of the lowest five levels and the total inelastic
cross sections are presented in Figs. 13 -18.

We performed also the calculations of the total gamma-production cross sections
and corresponding integral spectra of gamma-ray. The results are shown in Figs. 19, 20
and 21. Big difference between the calculated cross sections and ENDF /B-VI evaluations
requires more accurate re-evaluations of all gamma-production cross sections.

1.3. FISSION CROSS SECTION EVALUATION

Experimental data from 17 works were used to evaluate the excitation function of
the Np-237(n,f) reaction in the neutron energy range from 600 eV to 20 MeV.

The main criteria of the selection of microscopic data were:

1. Availability of the information needed to analyze the experiment.

2. Measurement technique.
3. Agreement of the microscopic data with the results of integral experiments.
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Top priority was given to absolute measurements where no reference cross sections
were used to determine the neutron flux and to time-of-flight experiments with
simultaneous registration of the fission and acts of monitoring reaction.

In ten papers from seventeen ones the Np-237(n,f) cross sections were measured
relatively to the fission of U-235. The use as the standard of the U-235 fission cross
section from ENDF /B-VI instead of the old one (ENDF/B-V) results in decrease of Np-
237(n,f) cross section by average 2 per cent in 0.1-2.0 MeV range and by 1.5 per cent in
2.0-3.0 MeV range.

We multiplied the ratio of Np-237 to U-235 fission cross sections measured by
Behrens (3] in 0.11 - 18.89 MeV range by 1.051. This normalization factor was obtained
from the values of the functional <ONp237(n,£)>/ <OTu235(n,f)> in 1-5 MeV energy range
evaluated before. There is a lot of experimental data in good agreement for this interval.
The ratio of the Np237 (n,f) evaluated averaged cross section on the spectrum of Cf-252
spontaneous fission, known from many works, to averaged microscopic data by Behrens
[3] is equal to 1.055 which confirms our renormalization of Behrens data.

The analysis of experimental data on the ratio of Np-237 and U-235 fission cross
sections indicates that relative energy trends of ONp37(n,f)/ Ou23s(nf) measured by
Terayama et al [10] in the energy range 4.19-6.99 MeV and by Goverdovskiy et al in 5.66-
10.06 MeV energy range (8] coincides with the results of other authors. To make them
agree in absolute values Terayama and Goverdovskiy results were multiplied by 0.96 and
1.079 correspondingly. Data on Np-237 fission cross section obtained by Terayama et al on
T(p,n)3He neutron source for 0.70-2.99 energy range are in good agreement with the
results of [11], [13], [15], [16]. So they were corrected only according to the new data on
monitoring reaction U235(n,f) [17].

In the work by V.M.Kupriyanov et al [1] the Np-237(n,f) cross sections were
measured against the fission cross sections of Pu-239. There are no recommended standard
data for Pu-239 now. The data from two libraries were used to get absolute values:
ENDF /B-VI [17] and JENDL-3.2 [33]. Below 1.6 MeV results of [1] disagree with the
integral experiments no matter which data are used for Pu-239(n,f). The analyses of [1]
data demonstrated that good agreement with the rest of the data may be obtained in 1.6-
7.0 MeV region if Pu-239(n,f) monitoring data are taken from JENDL-3.2 [33].

Experimental data of Meadows et al (5] as well as that of Kupriyanov et al [1] on
Np-237 fission cross section are systematically too low below 1 MeV in disagreement with
the integral experiments available. Above this point Medows data agree well with the
results of other authors so they were included in approximation process only above 1
MeV.

The approximating curve for the excitation function of Np-237(n,f) reaction in 0.1-
20 MeV neutron energy range was obtained by statistical analysis of the experimental data
by non-linear regression model using rational functions (Pade-approximation). The
evaluated fission cross sections are given in Figs. 22 - 25 in comparison with experimental
data discussed. Comparison of our evaluation with ENDF /B-VI and JENDL-3 is shown in
Fig. 26.

The calculated group cross sections and their uncertainties are given in Table 1. In
the calculation of the errors the data of all 30 experimental works analyzed were included
{1-16], [19-33]. Covariance matrix of the group cross sections were obtained too.

The results of testing of the evaluated excitation function of the Np-237(n,f)
reaction are given in Table 2 which demonstrates that for three neutron spectra our data
and ENDF/B-V evaluation are in the best agreement with the integral experiments.
However ENDF /B-V evaluation seems to be incorrect above 8.4 MeV were it’s too high
and disagrees with Behrens [3], Goverdovskiy [7], Lisovskiy [13], being oriented on
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obsolete data by Pankratov et al [19]. Renormalization of Pankratov data to the new
standard value at 14.7 MeV brings them to agreement with other experimental data.

1.4. CAPTURE CROSS SECTION EVALUATION

The analysis of experimental data available for the neutron radiative capture cross
sections were performed for the neutron energies above .6 keV. It was shown that data by
Stupegia et al (1967) and Trofimov (1983) should be dropped from the competitive
estimation of the recommended cross sections because of the existence of geometry and
background corrections that were not correctly included in the data processing.

The approximating curve for the capture cross sections on Np-237 above .6 MeV was
obtained from the statistical analysis of experimental data in the same way as for the
fission cross sections. The evaluated cross sections are given in Figs. 27 and 28 in
comparison with experimental data discussed. Comparison with ENDF /B-VI and JENDL-
3 evaluations is shown in Fig. 29.

2. VERIFICATION OF EVALUATED DATA ON FAST CRITICAL
ASSEMBLY EXPERIMENTS

2.1 COMPARISON OF EVALUATED CROSS SECTIONS

The goal of this work is to verify the modern neptunium evaluated neutron cross
sections by comparison of 23’Np reaction rates and reactivity coefficients measured in
different fast critical assemblies. The absence of sufficient amount of neptunium leads to
impossibility of providing of neptunium critical experiments. So the measurements of
neptunium reaction rates and reactivity coefficients are the only possibility to verify the
neptunium cross sections in the integral experiments.

There are three relatively independent modern evaluations of the 23’Np neutron
cross sections stored in the evaluated nuclear data libraries ENDF /B-6, JEF-2.2 and
JENDL-3.2. We have carried out the comparison of these data on the 28-group level.
Evaluated neutron data were processed into the 28-group cross sections by the NJOY91.91
code. Group constants calculated from the mentioned data libraries were compared also
with 2’Np group cross sections from ABBN-78 and ABBN-90 sets. ABBN-78 set contains
the neptunium cross sections calculated on the basis of ENDF/B-4 data. ABBN-90
contains the neptunium cross sections calculated on the basis of ENDF/B-5 data with
correction of (n,2n) cross section. Basis for this correction was measurement of the 236Py
production cross section in the BN-350 reactor core.

In the Table 3 integral cross sections calculated from various libraries are
compared. The cross sections at 0.0253 eV, resonance integrals (from 100 keV to 0.465
eV), average cross section on the integral fast reactor core spectrum (NEACRP fast model
used), average cross section on 235U fission spectrum and cross section of removing of
fission neutrons under the fission threshold of 238U are eonsidered:

© E 238 '
[AE 2135 (EYS T (EN 027 (E) + [dE o™ (E — E') 1~ 5‘—%—,(—15«2
0 0 Oy (E)

e} =

rem

[dEx 15 (B (E)

The main difference appear in the fission resonance integral: according to JENDL-
3.2 this integral is four times greater than calculated from ENDF /B-6 and JEF-2.2 data.
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But fission cross sections averaged over the fast reactor spectrum or over fission spectrum
differ only on 4+5 percent. Noticeable difference exists in the number of the fission
neutrons: the maximum estimation (JENDL-3.2) is 5 percent greater than minimum one
(ABBN-90). In the same time fast neutron fission cross section estimated according to
JENDL-3.2 is maximum: it is 7% greater than that calculated according to ABBN-90.
Some difference appears in the removal cross sections: minimum value (JENDL-
3.2) is 16 percent lower than maximum value (ABBN-90). So differences in the evaluated
neptunium neutron cross sections are great enough and it is the reason for its verification

in the integral experiments.

2.2. FCA-9 ASSEMBLIES.
Actinide integral measurements were carried out on set of FCA assemblies to test

the fission and capture cross sections of minor actinides (MA). The assemblies built for
this purpose cover the systematic change of the neutron spectrum shape. The "softest”
neutron spectrum was in FCA-9-1 assembly, the "hardest” was in FCA-9-7 assembly. The
integral data measured are :
- the central fission rate ratio (FRR) of Np-237, Pu-238, Pu-239 ,Am-241, Am-243
and Cm-244 relative to the fissionag U-235;
- the central sample worthies (CSW) of Np-237, Pu-238, Pu-239, Pu-240, Am-241
and Am-243.

All MA samples were about 20 grams in weight, the Pu-239 and U-235 ones were
several times more. The exact description of the assemblies, experimental devices and
obtained results of measurements were given in [1].

The results of measurements and evaluation; are presented in Table 4 for CSW
ratios of Pu - 239 / U - 235 and FRR of Pu - 239,/U-235 ( relative to the fission in U -
235)

The results of measurements and evaluation are presented in Table 5 for CSW
ratios of Np-237 /Pu-239 and FRR of Np-237 /Pu-239

2.3. BFS ASSEMBLIES

The core of BFS-67 assembly was composed with 96% enriched metal plutonium,
depleted uranium dioxide, sodium and stainless steel. This composition was similar to the
SUPERPHENIX core.

About half of uranium dioxide in this composition was replaced with sodium for
constructing of BFS-69 assembly core.

For both BFS assemblies the spectra were similar to the spectrum averaged over
FCA assemblies. The integral data measured are:

(1) - FRR of Np-237 and Pu-239 relative to fission in U-235 ;
(2) - CSW of Np-237 ,Pu-239 and U-235.
All samples sizes were less than in FCA experiments. The Np and Pu samples were
of three different size.

The starting point of neutron data testing is homogeneous calculation of FRR and
first order perturbation theory using ABBN approach [2] . Evaluation of experiments
means taking in account the heterogeneous structure of core cells, finite sizes of samples
and group constant correction at calculation of CSW.

Heterogeneous structure of critical assembly’s cell is taken into account by using
the integral-transport approximation. Undisturbed group fluxes and adjoint fluxes are
obtained from solutions of corresponding integral-transport equations in the cell
approximation. Criticality is attained by modification of a neutron leakage. Perturbation
of collision probabilities are taking in account too by calculation results using
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perturbation theory (first type of correction). Consideration of a detailed energy structure
of adjoint solution gives the additional contribution into the reactivity worth ratio
(second type of correction).

Using samples of finite size, which are placed in the clearances between pellets of
the facility results in the distortion of neutron flux on the sample position. The resonance
self-shielding in the sample can be described by substitution of group factors of the self-
shielding by the generalized factors, and by taking into account distortions of spectrum
because of multiplication and slowing down of neutrons ( third type of correction) [3].

Numerical calculations of all these effects are carried out using HEEPCM code [4].
The accuracy of calculations of the heterogeneous and bilinear effects was verified by
means of comparison with calculation results obtained from the TULPE code, where
another method is used [5]. In addition, a special program of measurements on series of
BFS critical assemblies was fulfilled for investigation of calculation accuracy for such
heterogeneous effects [3].

The results of measurements and evaluation are presented in Table 6 for CSW
ratios of Pu-239,/U-235. The table contains the results for three different types of Pu
samples.

The results of measurements and evaluation are presented in Table 7 for CSW
ratios of Np-237/U-235. The table contains the results for three different types of Np
samples.

The results of measurements and evaluation are presented in Table 8 for FRR of
Pu-239,/U235 ( F49/F25 ) and Np-237 /Pu-239 ( F37/ F49). The results were obtained
with using two different measurements methods A and B.

2.4. COMPARISON OF CALCULATED AND EXPERIMENTAL DATA

Simple homogeneous spherical models of all considered experiments were
constructed. Calculations were carried out in 28 group Sj-approximation by means of
CRAB-1 code. The ABBN-90 group constant set was used, but neptunium-237 cross
sections were variable. All calculation models were exactly critical. Criticality was
achieved by adjustment of core radius. Experimental data were reduced to conditions of
models (corrections on finite dimensions of samples and on heterogeneity were
introduced). This reduced data are given in the Tables 9 and 10 in comparison with results
of calculations performed by using different Np-237 neutron data. For reactivity worth
ratios differences between calculation and experimental data are because percentage
measure of differences are not adequate for the value with changed sign. For fission cross
section ratios differences are given in the percent.

Better description of experimental fission ratio was achieved by using JENDL-3.2
data. Discrepancies between experiment and calculation are not systematic and can be
fully explained by integral experiment uncertainty. The ABBN-90 set describes these data
practically with the same accuracy (see Fig. 30 where discrepancies between experimental
and calculated data are plotted dependent on value of reactivity worth ratio).

From consideration of reactivity worth ratios another picture is appeared. The
ABBN-90 set leads to systematic deviations from experimental data. So old ENDF/B-5
evaluation is not appropriate. The more modern data JENDL-3.2 and other allows to
describe reactivity worth ratios in the interval from -0.5 to +0.5 with about the same
accuracy. Discrepancies between experimental and calculated data in this region can be
explained by experimental uncertainties. But in the case of FCA-9-1 assembly (with the
more soft neutron spectrum) JENDL-3.2 set leads to large negative 23’Np reactivity worth
value. This discrepancy may be eliminated by correction of the capture cross section of

237Np in keV-energy region.
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Table 1. Group cross-sections and their unsertainties

Energy group Group Cross-section | Error Error {%]
[Mev] to [Mev] number [mb] [mb]
0.10 0.50 1 128.4051 3.0430 2.37
0.50 1.00 2 1110.1942 20.3269 1.83
1.00  1.50 3 1554.0171 31.8497 | 2.05
1.50 2.00 4 1660.8505 29.2081 1.76
2.00 2.50 S 1686.5603 31.0453 1.84
2.50 3.00 6 1673.4320 33.5468 2.00
3.00 3.50 7 1637.7837 35.3326 2.16
3.50 4.00 8 1588.5817 37.2016 2.34
4.00 4.50 9 1533.7239 38.9971 2.54
4.50 5.00 10 1486.8828 39.5065 2.66
5.00 5.50 11 1477.3051 40.0092 2.71
5.50 6.00 12 1553.3925 43.7358 2.82
6.00 6.50 13 1742.5873 50.2650 2.88
6.50 7.00 14 1977.7614 57.0616 2.89
7.00 7.50 15 2148.1658 58.6502 2.73
7.50 8.00 16 2222.4963 56.1083 2.52
8.00 8.50 17 2232.7900 51.9368 2.33
8.50 9.00 18 2212.8984 49.0289 2.22
9.00 9.50 19 2181.9744 48.8127 2.24
9.50 10.00 20 2149.0144 50.4632 2.35
10.00 10.50 21 2118.1917 52.6140 2.48
10.50 11.00 22 2091.8398 54.7099 2.62
11.00 11.50 23 2071.9329 57.0738 2.75
11.50 12.00 24 2060.7778 59.9983 2.91
12.00 12.50 25 2061.0898 62.5186 3.03
12.50 13.00 26 2075.1733 62.6041 3.02
13.00 13.25 27 2094.5366 60.7533 2.90
13.25 13.50 28 2111.3787 58.0558 2.75
13.50 13.75 29 2130.1106 54.2955 2.55
13.75 14.00 30 2149.5510 49.3420 2.30
14.00 14.25 31 2168.4104 43.4213 2.00
14.25 14.50 32 2185.4871 37.6970 1.72
14.50 14.75 33 2199.8435 34.5194 1.57
14.75 15.00 34 2210.9114 36.0120 1.63
15.00 15.25 35 2218.5020 41.5773 1.87
15.25 15.50 36 2222.7449 48.7689 2.19
15.50 15.75 37 2223.9878 35.6407 2.50
15.75  16.00 38 2222.6924 61.2642 2.76
16.00 16.25 39 2219.3525 65.4291 2.95
16.25 16.50 40 2214.4373 68.3372 3.09
16.50 16.75 41 2208.3604 70.3905 3.19
16.75 17.00 42 2201.4690 72.0481 3.27
17.00 17.25 43 2194.0430 73.7308 3.36
17.25 17.50 44 2186.3013 75.7626 3.47
17.50  18.00 45 2174.4541 79.7965 3.67
18.00 19.00 46 2151.2634 91.8426 4.27
19.00  20.00 47 2122.8970 113.0189 ] 5.32
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Ta6amua 2. Integral experimental data for the Np237(n,f) reaction

U-235 THERMAL FISSION NEUTRON SPECTRUM - ENDF /B-6 EVALUATION

Library MAT <SIG>, mbarn C/E 907%-Responce range,
MeV

ENDF /B-VI 9346 1329.1 0.9780 0.690 - 5.700

ENDF /B-V 9337 1355.1 0.9971 0.690 - 5.600
JENDL-3D 933t 1342.5 0.9879 0.690 - 5.600
JENDL-3.2 9346 1343.1 0.9883 0.690 - 5.600
FEI-eval. 9346 1354.7 0.9968 0.690 - 5.600
EXPERIMENT [29] 1359.0+-28.5

CF-252 SPONTANEOUS FISSION NEUTRON SPECTRUM - PTB EVALUATION

Library MAT <SIG>, mbarn C/E 90%-Responce range,
MeV

ENDF /B-VI 9346 1333.6 0.9835 0.720 - 6.100
ENDF/B-V 9337 1359.6 1.0027 0.690 - 6.100
JENDL-3D 9331 1346.4 0.9929 0.690 - 6.100
JENDL-3.2 9346 1346.9 0.9933 0.690 - 6.100
FEI-eval. 9346 1358.5 1.0018 0.690 - 6.000
EXPERIMENT [30] 1356.0+-22.0

CFRMF = COUPLED FAST REACTIVITY MEASUREMENT FACILITY (IDAHO)

Library MAT <SIG>, mbarn C/E 907%-Responce range,
7 MeV

ENDF /B-VI 9346 563.32 1.0280 0.450 - 4.600

ENDF /B-V 9337 585.70 1.0688 0.425 - 4.500
JENDL-3D 9331 572.12 1.0440 0.450 - 4.500
JENDL-3.2 9346 577.55 1.0539 0.425 - 4.500
FEI-eval. 9346 585.46 1.0684 0.425 - 4.500
EXPERIMENT [31] 548.0+-18.1

SIGMA-SIGMA = COUPLED THERMAL /FAST URANIUM + BORON CARBIDE

Library MAT <SIG>, mbarn C/E 90%-Responce range,
MeV

ENDF /B-VI 9346 590.93 0.9306 0.450 - 4.300
ENDF/B-V 9337 613.55 0.9677 0.425 - 4.200
JENDL-3D 9331 600.30 0.9468 0.450 - 4.200
JENDL-3.2 9346 605.30 0.9547 0.425 - 4.200
FEI-eval. 9346 613.39 0.9674 0.450 - 4.200
EXPERIMENT | [32] 634.0+-22.2
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Table 3. Cross section of 2’Np averaged on the different spectra

a) E=0.0253€V.

set total
ABBN9O 186.63
ABBN78 186.60
JENDL-3.2 193.51
ENDF/B-6 195.78
JEF-2.2 195.78
b) Resonance integral

set total
ABBN90 929.76
ABBN78 931.65
JENDL-3.2 970.899
ENDF/B-6 951.92
JEF-2.2 952.24

capture

169.

101

169.100

165.
181.
181.

987
020
020

capture

771

770.
798.
794.
.946

794

c) Fast reactor ( NEACRP test)
capture

set total
ABBN90 11.4¢
ABBN78 11.49
JENDL-3.2 11.93
ENDF/B-6 11.65
JEF-2.2 11.7¢9

d) 2*°U fission spectrum

set total
ABBN90O 7.80
ABBN78 7.80
JENDL-3.2 7.83
ENDF/B-6 7.57
JEF-2.2 7.59

e) Removal cross section

SET CAPTURE
ABBNSO .0415
ABBN78 .0411
JENDL-3.2 .0428
ENDF/B~6 .0469
JEF-2.2 .0494

1.
.692
.826
.729
. 728

= e

.804

393
286
968

693

capture

171
171
.179
.194
.195

ELASTIC

.0124
.0117
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.0084
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.017
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.307
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Table 4
Assemb. FCA EXP. Correction of |Correction of| Correction of| EXP.
virgin 1and 2 types |3 type forPu |3 type for U evaluated
CSW ratio Pu-239 / U-235 '
9-1 1.476 -.023 -.146 +.109 +1.416
9-2 1.617 -.010 -127 +.124 +1.604
9-3 1.713 -.009 -.008 +.016 +1.712
9-4 1.708 -.006 -.079 +.089 +1.712
9-5 1.750 0 -075 +.081 +1.756
97 1.745 -.002 -.065 +.060 +1.738
FRR Pu-239/U - 235
9-1 957 -.021 -.003 0 +.933
9-2 1.030 +.004 -.002 0 +1.032
9-3 1.11 +.004 -.002 0 +1.112
9-4 1.17 +.003 -.002 0 +1.171
9-5 1.23 +.002 -.003 0 +1.229
9-7 1.21 0 -.001 0 +1.209
Table §
Assemb. FCA EXP. Correction of | Correction of|Correction of EXP.
virgin 1 and 2 types 3 type for Pu |3 type for U evaluated
CSW ratio Np-237/ Pu - 239
9-1 -.865 +.179 -.220 -.073 -.979
9-1 -.242 +.072 -.042 -013 -.225
9-3 -014 +.021 -.014 +.005 -.002
9-4 +.054 +.006 -.005 +.006 +.061
9-5 +.158 +.002 -.004 +.010 +.166
9-7 +.117 +.001 -.003 +.007 +.122
FRR Np-237/Pu-239 B
9-1 .209 012 .002 .001 224
9.2 320 012 .001 0 333
9-3 .384 .007 .002 0 393
9-4 344 .003 .002 0 349
9-5 398 .002 .002 0 402
9-7 353 0 .002 0 355
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Table 6
Assembly [ Type of EXP ZERO SIZE | correction|EXP
sample VIRGIN of samples |of 1 and 2{evaluated
types
67-1 Pu-A 1.350 +.020 |1.327 £.021
Pu-B 1.406 +.008 |1.365 +.009
Pu-C 1.404 + .005|1.352 +.007
averaged 1.353 £ .019 +.011 1.364 £ .019
value
69-1 Pu-A 1.591 +.018 |1.560 +.020
Pu-B 1.607 £.007 |1.552 +.008
Pu-C 1.592 +£.004 |1.528 +.006
averaged 1.541 £ .019 -.002 1.539 % .019
value
Notes: Pu-A size: NI= 0.0044 (bamn ™)
Pu-B size: NI = 0.0076 (barn™)
Pu-C size: NI = 0.0091 (barn™')
Table 7
Assembly VIRGIN EXP |ZERO SIZE |correction of {evaluated
of samples I and 2 types [ experiment
67-1 Np-A 1-240 + 011 -250+ 011
Np-B -.228 £ .006 -.240 + .008
Np-C -.228 +.005 -.245 +.007
averaged -.245 + 010 +.023 -222 £+ 011
value
69-1 Np-A -.120 £ .010 -.128 £ 010
Np-B -.119 £ .006 -.130 £ .007
Np-C -.114% .003 -.131 £ .004
averaged -.130 £ .005 +.021 -.109 + .006
value g
Notes: Np-A size: NI = 0.00220 ( barn ")
Np-B size: NI =0.00285 (barn ")
Np-C size: NI =0.00455 (barn ")
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Table 8
Correction
Assembly FRR EXP EXP of 1 type EXP
VIRGIN ZERO size of evaluated
chambers
67 -1 F49 /F25A |1.003 £ .010 1.005 + .010 +.010 1.015 % .012
F37/F49A 235+ .006 236 + .006
F37/F49B 232 + .005 234+ 005
averaged
value 235 +.005 +.003 .238 + 006
69 -1 F49/F25A |[1.068+.010 |1.070 .010 +.007 1.077+ 010
F37/F49A .298 + .005 .300 £+ .005
F37/F49B | 288 +.007 290 + 007
averaged
value 297 +.006 +.002 299+ 007
Notes: A - thermal column calibration method

B - absolute fission rates technic
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Table 9. Comparison of experimental and calculated CSW data (pas7/ pass).

Assembly Experiment (Calculation - Experiment)* 100

ABBN-90 ENDEF/B-VI JEF-2 JENDL-3.2
FCA-9-1 -1.390 -3.6 - 15 -5.0 -15.0
FCA-9-2 -0.361 5.7 - 1.0 -55 -9.8
FCA-9-3 -0.003 12.9 3.6 -12 -2.6
FCA-9-4 0.104 15.0 5.9 1.4 3.8
FCA-9-5 0.291 14.2 5.1 0.3 3.2
FCA-9-6 0.433 17.7 9.0 3.6 6.9
FCA-9-7 0.204 14.1 7.5 4.0 6.7
FCA-10-1 -0.002 6.9 0.8 2.1 -2.1
BFS-67-1 -0.222 8.8 5.0 33 1.9
BFS-69-1 -0.109 8.8 4.0 2.0 1.0

Table 10. Comparison of experimental and calculated FRR data ( f237/ f235).

Assembly | Experiment (calculation / experiment - 1) x 100
ABBN-90 ENDF/B-VI JEF-2 JENDL-3.2
FCA-9-1 0.209 1.0 -1.9 2.9 1.0
FCA-9-2 0.344 -1.2 -3.8 4.7 -1.5
FCA-9-3 0.437 -2.1 -4.6 -5.5 =25
FCA-9-4 0.409 4.2 0.7 0.0 2.9
FCA-9-5 0.494 2.4 0.9 -1.4 12
FCA-9-6 0.599 -0.2 -3.0 -3.8 -1.3
FCA-9-7 0.429 5.4 1.6 0.9 3.7
FCA-10-1 0.357 2.2 -53 -5.9 -3.1
BFS-67-1 0.242 2.5 -0.4 -1.2 2.5
BFS-69-1 0.322 0.6 =22 -35 0.5
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Appendix Summary of ISTC Workshop on Nuclear Data for Minor Actinide

27-31 May 1996, JAERI, Tokai-mura, Ibaraki-ken, Japan

Improvement of minor actinide data is very important for transmutation
projects using actinide burner reactors. The data needed are for " #*Np, #*2?py,
241, 2425, 242m, 2BAm apnd 242 2. 24.25.246Cy The corresponding data for most
important cross sections should be obtained on the basis of ISTC projects:
“Measurements of the fission neutron spectra for minor actinides” (St.Petersburg, N
183-p), “Measurements and analysis of basic nuclear data for minor
actinides” (Obninsk, N304-p), “Evaluation of actinide nuclear data” (Minsk, N b-03).
The results obtained during the first year of projects were discussed on the
Workshop. Some results of JAERI activity on improvement of nuclear data for
minor actinides were considered too.

The following results should be noted:

i) The measurements of the fission neutron spectra for spontaneous fission of Cm-
244 and -246 are performed in KRI;

if) The preliminary results of precise measurements of the fission cross sections of
Cm-244, -245, -246, -247 and Am-242m by neutrons with energies from 0.15 to
7 MeV were obtained in IPPE;

iif) The experimental equipment for measurements of the secondary neutron spectra,
fission product yields and delayed neutron yields for the Np-237 target were
developed and tested in IPPE. The first measurements of corresponding data
were performed.

iv) The improved evaluations of most important neutron cross sections for Np-237
were obtained in IPPE;

v) New evaluations of neutron cross sections for Cm-243, -245 , -246 and Am-241
were performed in  RPCPI. The complete files of evaluated data in ENDF-VI
format were prepared;

All participants have agreed that the activity on projects is developing
in accordance with original schedules and the final results of projects will improve
essentially the basic neutron data for minor actinides that are important for future
progress in technology of nuclear waste transmutation.

Possibilities of further measurements and evaluations for JENDL Actinide
File have been discussed. Priorities for data requests should be set up by
considering the present status of experimental and evaluated data.
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